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Abstract
The benzoin condensation is the first reported example of organocatalysis, and has been
studied and used in organic synthesis for over 200 years. Originally catalysed by the cyanide
anion, the reaction can also proceed with thiamine as a catalyst. Since then, many N-
heterocyclic carbene (NHC) catalysts have been developed for use in umpolung reactions
between aldehydes and a range of coupling partners. However, stereoselectivity of the new
chiral centre is difficult to control: current existing methods employ steric hindrance of
catalysts to influence this, potentially at the cost of slower reaction times.To date, there
are very few examples of NHC catalysts incorporating hydrogen-bonding motifs to exploit
attractive forces in influencing stereochemistry in these reactions.
An overview of asymmetric organocatalysis and their different modes of action have
been detailed. The structures of NHC catalysts and their mechanisms are discussed, and the
reactions which are catalysed by these salts reviewed. Current shortcomings are addressed,
and both the project and new catalyst designs are proposed. Synthetic routes to new triazolium
and thiazolium salt catalysts with unreported chiral backbones are discussed. These involve
1,2-diamine derived salts, 1,4-diamine derived salts, amino acid-derived triazolium salts, and
a bicyclic triazolium salt with a piperidine backbone. Representative catalysts from each
of these categories were synthesised and the catalytic ability of the NHC salts in umpolung
reactions investigated. All of the catalysts are demonstrated to be effective at obtaining yield
and ee in the Stetter reaction. These catalysts are critically analysed, future work proposed.
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Chapter 1
Introduction
1.1 Introduction to Chirality
1.1.1 The Importance of Chiral Centres
Louis Pasteur first discovered the concept of molecular chirality in 1848 through the crys-
tallization of racemic tartaric acid into its enantiomers [1], although the term chirality was
not officially used until 1894 by Lord Kelvin [2]. Since then, chiral compounds have been
widely exploited across organic chemistry, particularly in biologically important industries
such as pharmaceuticals and agrochemicals. Recently compiled data by Njardarson shows
that of the top 200 brand-name pharmaceuticals in 2016 by prescription, 43% contained
either a chiral centre or important stereochemistry [3]. The importance of chiral centres can
be illustrated by escitalopram ((S)-1) and its racemate citalopram ((±)-1) (Fig. 1.1), the 26th
and 27th most prescribed pharmaceuticals respectively. While both are selective serotonin
reuptake inhibitors (SSRIs) prescribed in the treatment of depression, the (S)-enantiomer is
also prescribed in the treatment of generalised anxiety disorder. This indicates that the two
enantiomers interact differently in the human body, giving rise to varied pharmacokinetic
properties. The doses are reflected by the proportion of the (S)-enantiomer; the dosage of
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escitalopram is only half that of citalopram. This implies that the (R)-enantiomer is either
less effective or simply benign.
Fig. 1.1 Chemical structures of escitalopram (1a) and citalopram (1b).
However, when it comes to the synthesis of new drug-like compounds, the ability to
synthesise only one enantiomer is highly attractive. In the pharmaceutical industry, one of
the biggest challenges arises when the undesired enantiomer is toxic. Whilst it is possible to
synthesise enantiomerically pure compounds, there have been cases where the enantiomer
can be converted in vivo into the toxic enantiomer; the most well-known example of this is
thalidomide (Fig. 1.2).
Fig. 1.2 The anti-sickness (R)-enantiomer (left), and the teratogenic (S)-enantiomer of
thalidomide.
In 1954, thalidomide was developed as a sedative by German company Chemie Grunen-
thal. By 1957, the drug was being prescribed over the counter as an antiemetic for morning
sickness in pregnant women. Thalidomide was given as a racemic mixture, but only the (R)-
enantiomer (R)-2 was beneficial in the treatment of morning sickness, and the (S)-enantiomer
((S)-2) was ultimately discovered to be a teratogen. This caused malformation of the limbs
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in unborn children, and up to 6000 cases were reported by 1961 [4]. The drug was promptly
withdrawn from this use, but is still used to this day in treatments of other ailments such as
leprosy.
Due to the instability of the desired (R)-enantiomer in the human body, attempts to
minimise amounts of the teratogenic (S)-enantiomer are futile, and the drug is no longer
prescribed for treatment of morning sickness in pregnant women. The proton attached to
the chiral carbon is acidic, and therefore deprotonation is facile in basic conditions. Studies
by Testa [5] determined that human serum albumin, which contains many ε-amino groups
of lysine residues, is able to catalyse the racemisation of thalidomide. The racemisation
also happens in phosphate buffer solutions at pH 7.4 due to the presence of phosphate ions,
hydroxyl ions and water. A water-catalysed mechanism has been proposed by Tian et al.
[6], and was further re-evaluated by Rzepa in 2015 [7]. The calculations were performed in
vacuum, using only two water molecules as solvent (Fig. 1.3).
Fig. 1.3 The proposed mechanism for the water-assisted racemisation of thalidomide [6].
In cases where only one enantiomer can be safely administered, it is crucial to be able
to develop reliable enantioselective syntheses of new compounds. Whilst enantiomeric
separation procedures do exist, these are often done on a small scale, as the cost means
that they are not economically feasible to do in mass production of new drugs. Therefore,
new methods of enantioselective synthesis are constantly being developed, with the most
ground-breaking advances being in the field of asymmetric catalysis.
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1.2 Overview of Organocatalysis
Catalysis has played an important role in organic synthesis for centuries. Although this term
covers a broad range of reaction modes, including protonation (acid catalysis), conversion of
functional groups (e.g. enamine catalysis) and reversal of reactivity (umploung), the main
principal of catalysis is an increased rate of chemical reaction by lowering of the activation
energy. This allows for a whole range of seemingly impossible reactions to be performed,
including formation of C-C bonds.
Traditionally, transition metal catalysts have been used for C-C coupling [8], including
palladium catalysts such as those in the Heck [9], Negishi [10] and Suzuki couplings [11].
However, there are limitations with these reactions, such as difficulties in completely purify-
ing the products so no trace metals remain, the sensitivity of metal catalysts to water and air,
and the expense of precious metals.
Due to these disadvantages, organocatalysis has grown in popularity over the past few
decades, with more and more organic molecules acting as catalysts in reactions. As well as
being less toxic than transition metal catalysts, organocatalysts are often less sensitive to air
and moisture, work in mild conditions, and are easy to separate from reaction mixtures [12].
With many organocatalysts being inspired by naturally occurring enzymes [13], the formation
of C-C bonds can be catalysed in more gentle conditions compared to the transition metal
alternatives [14]. The benzoin condensation is an example of a C-C bond forming reaction,
where two molecules of benzaldehyde, 3, are self condensed to form the benzoin product 4.
This is made possible by use of an N-heterocyclic carbene (NHC) as the catalyst (Fig. 1.4).
1.3 Modes of Activation
There are many complex ways that catalysts work, and often via several methods at once, but
covalent and noncovalent interactions are the most effective way to classify these systems.
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Fig. 1.4 The cyanide ion-catalysed benzoin condensation.
Although more extensive reviews can be found on these methods [15], a brief overview of
the main modes in the field are given.
1.3.1 Covalent Organocatalysis
Amino catalysts are the most well-reported area in covalent organocatalysis, with the first
use of proline as an enantioselective catalyst being reported by Wiechert and coworkers in
1971 in its use towards steroid synthesis [16]. Inspired by this, Hajos and Parrish described
the use of (S)-proline 7 as an organocatalyst for the asymmetric synthesis of natural product
derivatives [17]. By using aprotic solvents such as N,N-dimethylformamide (DMF), products
could be achieved in up to 93.4% ee. The amino catalysts work through a combination of
covalent and non-covalent interactions; once an enamine is formed, non-covalent interactions
between the carboxylic acid and ketone or aldehyde control the stereochemistry in subsequent
steps, forming the enantioenriched product via a six-membered chair-like transition state
TS-1 or TS-2 (Fig. 1.5) [18].
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Fig. 1.5 The six-membered chair-like transition states leading to the introduction of stereo-
chemistry in the asymmetric intermolecular aldol reaction, as predicted by Houk, List and
co-workers [18].
Many successful catalytic reactions have been reported using (S)-proline as a catalyst
since its first application, demonstrating not only α-functionalisation of aldehydes, but also
β-, and γ-functionalisation. Proceeding via iminiums, enamines and dienamine intermediates,
a diverse range of products can be obtained using a range of related aminocatalysts, for
example 7-7c (Fig. 1.6) [19].
Beyond aminocatalysis, another well-established class of organocatalysts are NHCs. N-
heterocyclic carbenes are a class of organocatalyst which can catalyse a range of transforma-
tions, which will be discussed later in this chapter. Three common classes of N-heterocycles
which are used for organocatalysis are thiazolium salts, triazolium salts and imidazolium
salts (Fig. 1.7). [20].
These three types of cation have extremely interesting electronic configurations which
make them such effective catalyst precursors. Firstly, the pre-carbenic proton is relatively
acidic, which allows facile deprotonation to give the active carbene species (Fig. 1.8 (i)
and (ii)). Although the pKa varies greatly depending on functional group and solvent, pKas
in DMSO have been reported from 12.1-15.5 for triazoliums, around 16.5 for thiazoliums,
and 19.7-23.4 for imidazoliums [21]. The lone pair generated here is stabilised due to the
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Fig. 1.6 The main pathways of aminocatalysis for formation of a range of products using
catalysts 7-7c, reported by Jørgensen and coworkers [19].
Fig. 1.7 Different common NHC cores used in organocatalysis, adapted from Glorius and
coworkers [20]. X- = Br-, Cl-, I-, ClO4-, BF4-. pKas of the C2 proton for a range of
pre-catalysts were reported in DMSO by Li and Cheng [21].
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aromaticity of the molecule. By having an adjacent electron-rich heteroatom such as nitrogen,
its lone pair can donate into the empty Pz orbital of the carbene (Fig. 1.8 (iii)), stabilising
this centre and therefore promoting its use as a catalyst.
Fig. 1.8 (i) Deprotonation of the general pre-catalyst to form the carbene. (ii) Stabilisation of
the carbene by resonance. (iii) The electron-rich NHC has heteroatom lone pair donation
into the p orbital [20].
Much research has moved away from using these substrates as organocatalysts, and
instead have demonstrated their use as effective ligands for metal catalysis. In particular
unsaturated imidazoliums, which do not demonstrate efficacy in the condensation reactions
covered in this work, are used as ligands in Grubb’s generation II ruthenium catalysts for
metathesis reactions [22]. However, there is still a lot to be discovered from the use of
these molecules as organocatalysts: much is to be said for the stability of these pre-catalysts
both in air and moisture. Organocatalysts can also be relatively cheap if syntheses are
kept simple from chiral commercially available starting materials such as proline, as no
precious heavy metals are involved. The catalysts can also be easily removed by column
chromatography, which is extremely useful in environments where trace metal contamination
can have disastrous effects, such as in pharmaceutical or agrochemical industries.
The flexibility and reactivity of NHCs allow them to act via a range of activation modes.
The reactions described herein all begin with deprotonation of the N-heterocyclic salt to form
the NHC, acting as a nucleophile and adding in to an electron-deficient centre (usually an
aldehyde). The ability to generate a carbene leads to very interesting reactivity, and different
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modes of action have been succinctly summarised in a review by Glorius and coworkers [23]
(Fig. 1.9).
Fig. 1.9 Modes of action involved with NHCs, adapted from Glorius and coworkers [23].
Once the initial adduct has been formed between the carbene and the aldehyde, differing
methods of reactivity can influence which product is formed. Adjusting the reagents can
modify the adduct, and as such, the catalyst can form a range of scaffolds and products based
on whether it acts as an enolate or enamine. Dual activation by the catalyst has also been
demonstrated, and exploiting this mechanism can allow access to many cyclised products
through cascade reactions. The simplest product formed from an aromatic aldehyde using a
carbene is benzoin, which proceeds via a1 to d1 umpolung of benzaldehyde.
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1.3.2 Non-covalent Organocatalysis
Moving from using steric repulsion as a means of introducing stereoselectivity towards the
use of attractive forces, many new catalyst classes have been designed and reported. Co-
ordination of catalysts to reagents help lower the energy of the lowest unoccupied molecular
orbital (LUMO), giving more reactive intermediates. Consideration of the functional groups
of the reagents allows for the most effective catalyst to be used, based on whether the
reagent is Brønsted acid or basic, or Lewis acid or basic, as classified by Seayad and List [24].
However, in reality, most organocatalysts use a combination of these modes. The mechanisms
for how these catalysts work are mostly proposed based on hydrogen-bonding, but the extent
of dissociation of the proton from the organocatalyst dictates the exact terminology; catalysts
which completely transfer the proton from the catalyst to the substrate are known as Brønsted
acids [15]. Hydrogen-bonding organocatalysts, where the protons do not dissociate from the
catalyst, are well developed, but the most notable example of these are (thio)ureas pioneered
by Jacobsen and coworkers [25]. These are discussed in more detail in the next section.
Brønsted Acid Organocatalysis
Since the first reported use of phosphoric acid organocatalysts in the asymmetric Mannich-
type reaction by Akiyama et al. in 2004 [26], 1,1’-bi-2-naphthol (BINOL)-phosphoric acids
and their derivatives have been widely established as effective asymmetric organocatalysts.
The initial reaction between aldimines 9 and ketene silyl acetals 10 achieved ee’s up to 96%,
with 100% selectivity of the syn diastereomer (syn)-11 and 100% yields (Table 1.1) when
catalysed by BIN-1 [26]. Similarly, the same year Terada and coworkers reported a chiral
phosphoric acid-catalysed Mannich reaction of acetoacetone 12 and Boc-imine 13 to form
the chiral Boc-amine 14, shown in Fig. 1.10, with up to 98% ee and 99% yield for 6 examples
[27].
The introduction of stereoselectivity initially comes from the axial chirality of the BI-
NOL’s C2-symmetric backbone. The organocatalysts promote the reaction due to the phos-
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Table 1.1 The first reported use of BINOL as an organocatalyst by Akiyama in 2004 for the
diastereoselective Mannich-type reaction [26].
Entry R1 R2 R3 Yield (%) syn/anti ee (%)b
1 Ph Mec Et 100 87:13 96
2 p-MeOC6H4 Mec Et 100 92:8 88
3 p-FC6H4 Mec Et 100 91:9 84
4 p-ClC6H4 Mec Et 100 86:14 83
5 p-MeC6H4 Mec Et 100 94:6 81
6 2-Thienyl Mec Et 81 94:6 88
7 PhCH=CH Mec Et 91 95:5 90
8 Ph PhCH2 d Et 100 93:7 91
9 p-MeOC6H4 PhCH2 d Et 92 93:7 87
10 PhCH=CH PhCH2 d Et 65 95:5 90
11 Ph Ph3SiO e Me 79 100:0 91
aReaction conditions: Aldimine 9 (1 eq), ketene silyl acetal 10 (1.5 eq), BIN-1, toluene, -78
ºC, 24 h. bee value of syn isomer. cE/Z = 87:13. d E/Z = 87:13. e E/Z = 91:9.
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phoric acid moiety, which features a Brønsted acidic site offering proton donation. The
oxygen of the P=O also acts as a Lewis basic site due to its lone pairs, adding further
interactions with the substrate. The catalysts can be extremely complex and the nature of
the mechanism depends on the exact catalyst, the substrates and reaction conditions. For
example, with Akiyama and coworker’s reaction an intramolecular Lewis acid/Brønsted acid
mechanism was proposed to activate the aldimine ready for attack [26], whereas for Terada
and coworkers’s reaction it was proposed that hydrogen bonds were formed with both of
the reagents, holding them in position to react [28]; this is illustrated in Fig. 1.11. More
information on these mechanisms can be found in the review by Rueping and coworkers [29].
Fig. 1.10 The chiral Brønsted acid-catalysed direct Mannich reaction reported by Terada
[27]. R = naphthyl. Reaction conditions: Boc-imine 13 (1 eq), acetoacetone 12 (1.1 eq),
phosphoric acid BIN-2 (2 mol%), CH2Cl2, rt, 1h.
These organocatalysts also have the advantages of steric and electronic fine-tuning, as
varying the substituents either on the phosphoric acid moiety or the aromatic rings can
greatly influence the acidity. A study by Rueping, Leito and co-workers [30] established an
order of acidity for the different derivatives of the Brønsted acidic catalysts, including binol-
derived phosphoric acid diesters (BPAs) BIN-3, N-triflylphosphoramides (NTPAs) BIN-4,
and 1,1-binaphthyl-2,2-bis(sulfuryl)imides (JINGLEs) BIN-5 [31] in acetonitrile (Fig. 1.12).
Further studies demonstrated that the catalytic ability of these is directly correlated with their
Brønsted acidity [30]. Further notable developments in asymmetric Brønsted organocatalysts
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Fig. 1.11 The proposed modes of hydrogen bonding to activate reagents in the diastereos-
elective Mannich-type reaction [26] (left) and the enantioselective Mannich reaction [27]
(right).
include the use of TADDOL derivatives [32] and ammonium salts [33, 34], which can be
found in more detailed reviews [35–37].
Fig. 1.12 Different structures of BINOL-derived BPAs, NTPAs and JINGLEs organocatalysts,
showing the relative pKas in acetonitrile as determined by Rueping, Leito and co-workers
[30].
1.3.3 (Thio)urea Organocatalysis
A Lewis acid is a chemical species which can accept an electron pair from a donor compound
to form an adduct. Although the concept of double hydrogen bonding was first reported in
1984, the power of these bonds were not exploited as a tool for organocatalysis until the late
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90s. Hine first reported in 1984 that the two hydroxyl groups of 1,8-biphenylenediol were
sufficiently positioned to be able to form hydrogen bonds with several molecules containing
a carbonyl [38]. An Oak Ridge Thermal-Ellipsoid Plot (ORTEP) drawing of the crystal
structure of the diol with 1,2,6-trimethyl-4-pyridone demonstrated the almost coplanarity of
the two molecules (Fig. 1.13).
Fig. 1.13 The 1,8-biphenylenediol-1,2,6-trimethyl-4-pyridone complex, reported by Hine
[38].
Further studies emphasising the hydrogen bonding interactions of ureas were reported in
1990, when Etter co-crystallised N,N’-diphenylureas with Lewis basic compounds such as
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triphenylphosphine oxide and dimethylsulfoxide (DMSO) [39]. Further studies gave some
important structural insights into these molecules; more stable complexes could be formed
by using more electron-deficient ureas, such as 1,3-bis(3-nitrophenyl)urea (Fig. 1.14). This
is due to the enhancement of the H-bond donor ability of the urea, a principle which has
since become key in the design of new (thio)urea catalysts since Etter’s contributions to the
field [40, 41]. Interactions between the carbonyl lone pairs and the ortho-protons on the
electron-deficient rings were demonstrated, which again gave a new direction to catalyst
design.
Fig. 1.14 Hydrogen bonding interactions between 1,3-bis(3-nitrophenyl)urea and the hydro-
gen bond acceptor (A). In the case of this urea, it also acts as a Lewis base. Intramolecular
hydrogen bonds are formed between the ortho-protons and the carbonyl of the urea.
However, it was not until 1998 that Jacobsen and coworkers first reported the use of
(thio)ureas as organocatalysts for the asymmetric Strecker reaction [25]. Initial studies
investigated the effects of different metal ions as catalysts in the reaction of 15 and HCN
(Fig. 1.15), but it was soon noted that the Schiff bases such as THIO-1 were more effective
when uncoordinated. Effective both in solid phase and solution, yields up to 92% in the
formation of 16, and the highest ee of 91% being obtained for 16a. Although Jacobsen noted
an increase in ee from 45% to 55% when substituting the urea for thiourea, no particular
focus was placed on the importance of this particular moiety in catalysing the reaction.
The idea of bifunctional catalysts incorporating both a hydrogen bond donor and hydrogen
bond acceptors were not reported until 2003 by Takemoto, for the Michael addition of
malonate esters to nitroolefins to form 17 [42]. The catalysts incorporate both thiourea and
a tertiary amine. The Lewis acidic thiourea co-ordinates to the electrophilic nitroolefin,
16 Introduction
Fig. 1.15 The first reported use of (thio)urea as a catalyst for the asymmetric Strecker reaction
[25]. R= Ph, p-OCH3C6H4, p-BrC6H4, 2-napthyl, tBu, Cy.
whereas the Lewis basic amine co-ordinates and activates the malonate ester (Fig. 1.16). This
not only activates both of these reagents but holds them in a position to allow the reaction
to proceed in an enantioselective manner due to the chiral backbone. Additives of a Lewis
base, trimethylamine, and a thiourea were individually investigated, but it was not until
the pair were combined into the same catalyst that high yields and ee’s were achieved, as
demonstrated by Takemoto (Table 1.2) [42].
Fig. 1.16 The first bifunctional organocatalyst reported by Takemoto in 2003 [42]. The
Lewis acid interaction with the nitroolefin, and the Lewis basic interaction with the malonate
tautomer are proposed.
Investigation into the effects of different functional groups determined that more electron-
withdrawing groups on the aromatic ring gave higher enantioselectivity, as previously dis-
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Table 1.2 Takemoto’s investigation into the effect of functional group substitution on the
enantioselective Michael addition between trans-β-nitrostyrene and diethyl malonate [42].
Entrya Additive Time (h) Yieldb (%) eec (%)
1 TEA 24 17 -
2 TAK-1 24 14 35
3 TEA + TAK-2 24 57 -
4 TAK-3 48 29 91
5 TAK-4 48 76 87
6 TAK-5 48 58 80
7 TAK-6 48 40 52
aReaction conditions: Diethyl malonate (2 eq), additive (0.1 eq), PhMe, room temperature
(rt). bIsolated yield. cee determined by HPLC analysis. Absolute configuration determined
by comparison with literature.
cussed. This experimental investigation further supports the work of Etter, showing stronger
hydrogen bonds are formed when the thioureas have more electron-withdrawing groups on
the aromatic ring.
Further work by Takemoto and coworkers investigated a range of bifunctional organocat-
alysts and applied these to the diastereoselective Michael reaction with unsymmetrical
1,3-dicarbonyls [43]. In-depth optimisation of the reaction conditions led to a range of com-
plex products being accessible, including sterically hindered quaternary centres. The catalyst
also offers a simplified route to optically pure (R)-baclofen, a γ-amino butyric acid (GABA)
agonist used in the treatment of spastic movement disorders. Since then, the Takemoto
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group have reported many more uses of bifunctional thiourea catalysts, which can be used to
encourage both enantioselective and diastereoselective reactions [44].
Squaramides
Since the widespread use of (thio)ureas as catalysts, varying substituents on the aromatic ring
has been the most systematic approach to fine-tuning the electronics of the catalyst to improve
Lewis base acidity. However, a new approach in 2008 by Rawal and coworkers introduced
squaramides as a hydrogen bond donating scaffold in organocatalysis. The squaramides have
an increased distance between the N-Hs, with the N,N’-dimethylthiourea distance calculated
at 2.13 Å and the N,N’-dimethylsquaramide calculated at 2.72 Å. There is also a difference
in the rigidity of the structures and their pKa. The increased conjugation of squaramide gives
more delocalisation across the system, weakening the N-H bonds and increasing acidity
compared to the (thio)urea. This improves the strength of the interaction with the hydrogen
bond accepting substrate.
Fig. 1.17 The distance between the two N-H hydrogens, as measured for N,N’-
dimethylthiourea by Takemoto (left) and N,N’-dimethylsquaramide by Rawal (right).
Squaramide derivatives have been used in various asymmetric reactions including Michael
and Sulfa-Michael additions [45, 46], aza-Henry reactions [47], Strecker reactions [48] and
Mannich reactions [49]. More recently, a range of asymmetric cascade reactions catalysed
by bifunctional squaramides have been reported [50].
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Croconamides and Deltamides
Croconamides are a newly reported moiety in hydrogen bonding Lewis acids. Inclusion of
an extra carbonyl compared to squaramide not only changes the structure but also changes
the acidity. As a comparison to the literature values of the related structures in Fig. 1.17, a
minimised 3D structure to estimate the distance between the two N-H hydrogens of N,N’-
dimethylcroconamide was obtained using MMFF94 Force Field with the steepest descent
algorithm. This distance was measured to be 2.2 Å, which was in between the analogous
thiourea and squaramide (Fig. 1.17).
Fig. 1.18 A 3D structure with the energy minimised to estimate the distance between the two
N-H hydrogens of N,N’-dimethylcroconamide, measured at 2.2 Å.
Croconamides were introduced by Pittelkow and co-workers, with their investigations
being in anion recognition and organocatalysis [51]. X-ray studies showed shorter than
expected C-N bonds, indicating there may be some tautomerisation. Initial organocatalytic
studies investigated the rates of the tetrahydropyranylation of phenols, and these showed that
the molecules did indeed catalyse the reaction. However, unexpectedly, this modification of
the acidity did not work as expected. By having bis(trifluoromethyl)groups on the aromatic
rings to try and increase the acidity, the croconamide 18 was instead susceptible to the
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formation of the hydrate 19 (Fig. 1.19). Further functionalisation and expansion of the
reaction scope are in progress, with the aim to develop enantioselective catalysts.
Fig. 1.19 Reversible hydration of N,N’-3,5-bis(trifluoromethyl)phenylcroconamide.
Fig. 1.20 The crystal structure of the bis(4-CF3-C6H4)deltamide with the benzoate anion
obtained by Jolliffe and coworkers [52].
A further report by Jolliffe and coworkers proposed the application of deltamides [52] as
a dual hydrogen bond donor for selective ion recognition. Although these are relatively new
moieties, their potential to interact as dual hydrogen bond donors has been demonstrated
through ion binding studies. A range of symmetrical achiral deltamides were synthesised and
investigated, and the H-H bond distance calculated through optimised molecular structure
studies varied depending on substituents. A range of distances between 3.11 - 3.56 Å was
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predicted, which is around 1 Å higher than those of the other dual hydrogen-bonding motifs.
The hydrogen bonding capability has been demonstrated by crystal structures of deltamides
with the benzoate anion (Fig. 1.20). Whilst no chiral organocatalysis reactions have been
reported with deltamides to date, this unique scaffold could provide interesting opportunities
for catalyst development in the future.
1.4 The Benzoin Condensation
The benzoin condensation was first reported by Justus von Liebig and Friedrich Woehler
in 1832, using cyanide as a catalyst [53]. Addition of the cyanide anion into benzaldehyde
allowed for reversal of the reactivity of the carbonyl centre, known as an umpolung reaction.
This adduct could then react with another molecule of benzaldehyde to form an α-hydroxy
ketone (Fig. 1.21). The cyanide anion serves three roles in the reaction: it acts as a
nucleophile adding to the carbonyl, it facilitates proton abstraction reversing the reactivity
of the carbonyl, and it acts as a leaving group in the final stage to allow formation of the
product.
Fig. 1.21 The roles of -CN in the benzoin condensation.
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Since this initial disovery, a wide range of catalysts have been developed for the benzoin
reaction (Fig. 1.22). The first NHC-catalysed benzoin condensation was reported by Ukai and
coworkers in 1943 using vitamin B1, thiamine [54]. Thiamine is active in the condensation
due to the thiazolium salt ring; the proton in this ring is acidic, and can be deprotonated using
a mild base to form the active ylide species. In the case of thiamine, delocalisation of the
adjacent heteroatom lone pair into the ring stabilises the active species. This is true even
when varying the NHC, e.g. triazolium rings are commonly used in the benzoin condensation.
In comparison to the initial cyanide anion catalysis, these organocatalysts have the advantage
of potential structural modifications to promote stereoselectivity in the benzoin product
through sterics and electronics [55].
1.4.1 Mechanism
The mechanism for the benzoin condensation has proved problematic to elucidate since the
reaction was first discovered. The most widely accepted mechanism is as demonstrated
with thiamine (Fig. 1.23). The first step in the thiamine-catalysed benzoin reaction is
deprotonation of NHC-1 using a mild base to generate the active catalytic species. This
attacks the carbonyl π* orbital of benzaldehyde 3, and the acidic proton is removed by
base to form the so-called Breslow intermediate. This gives the umpolung reactivity of the
benzaldehyde centre, allowing the carbonyl to add into another molecule of benzaldehyde.
The active catalytic species is regenerated when the α-hydroxy ketone product benzoin 4 is
formed, breaking the bond between the product and catalyst by reforming the carbonyl. This
has been determined spectroscopically by NMR spectroscopy [56].
All of the steps in this reaction are reversible and an equilibrium is reached between
benzaldehyde and benzoin. This often leads to one of the biggest problems of these reactions,
which is obtaining a high yield.
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Fig. 1.22 A timeline showing the notable developments in the asymmetric NHC-catalysed
benzoin condensation.
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Fig. 1.23 The mechanism for the thiamine-catalysed benzoin condensation, first proposed by
Breslow [57].
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1.4.2 The Breslow Intermediate
The Breslow intermediate was first proposed by Ronald Breslow in 1958 [57]. The Breslow
intermediate has yet to be isolated and fully characterised, although many attempts have been
made over the decades. The closest report was in 2014, when Berkessel and coworkers suc-
cessfully managed to synthesise and characterise 2,2-diamino enols 20a-25b [58], indicating
that these similar structures are plausible intermediates on the pathway to the α-hydroxy
ketones catalysed by NHCs. Two peaks for atoms C2 and C6 were detected for the first time
by 13C NMR, and the method was demonstrated with a range of starting aldehydes. Although
these were specifically generated in non-standard benzoin condensation conditions using
imidazoline NHCs, which are not good catalysts for this reaction, these azolium-derived
structures give arguably the closest insight to this reaction yet.
Fig. 1.24 13C Nuclear Magnetic Resonance (NMR) shifts [ppm] of a range of 2,2-diamino
enols generated. 20a R = 2,4,6-trimethylphenyl, 20b-25b R = 2,6-bis(2-propyl)phenyl. The
labels show C2/C6 carbon shifts respectively.
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1.4.3 Beyond N-Heterocyclic Carbenes
More recently, Gehrke and Hollóczki proposed that free carbenes may not even be generated
[59]. Energy profiles were calculated for the dissociative and associative mechanisms of
benzaldehyde to azolium catalysts. The associative mechanism (Fig. 1.25) demonstrates the
reaction between the N-heterocycle and the aldehyde occurring in a single elementary step.
This work showed that the associative mechanism pathway TS2–>IV was favoured by 19-29
kcal mol-1 compared to TSII-III. This mechanism further supports reactions which occur
with a large pKa difference between the N-heterocycle and the base, and further studies into
this will help clarify these results.
Fig. 1.25 The dissociative and associative mechanisms of benzaldehyde to azolium catalysts,
as calculated by Gehrke and Hollóczki [59].
1.4.4 Asymmetric Thiazolium Salt Catalysts
After the thiazolium ring of thiamine had been identified as the active catalytic moiety, other
thiazolium salts were tested for their use in the asymmetric benzoin condensation. Sheehan
and coworkers reported the first example of a chiral thiazolium pre-catalyst NHC-2 in 1966
[60] (Table 1.3). Initial efforts yielded an ee of 4.2%. They later reported a 1-naphthyl
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group modification to give NHC-7, which gave ee’s up to 51.5% after recrystallisation
[61]. However, as ee increased, the yield of product decreased dramatically, with the most
optically pure product being obtained in 6.1% yield. Most of the catalysts discussed in this
section have worked for a range of aromatic aldehydes containing electron-donating and
electron-withdrawing groups, but only benzaldehyde has been discussed to allow for easier
comparison between catalysts.
Several other thiazolium structures have also been reported, but with little improvement in
stereoselectivity. Chiral thiazolium salt NHC-8 based on menthol derivatives [62] achieved
ee’s up to 35.3%, but again furnished lower yields as ee increased. In this case, micellar
two-phase media was used as the solvent, at pH 8.
Table 1.3 Thiazolium catalysts in the benzoin condensation.
Catalyst Yield (%) R/S config.
of product
ee (%) Conditions
59 S 4.2 NEt3, MeOH, rt [60]
6.1 S 51.5 NHC-7 (10 mol%),
NEt3, MeOH, 30ºC,
6h [61]
Table continues
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Catalyst Yield (%) R/S config.
of product
ee (%) Conditions
20 R 35.3 NHC-8 (5 mol%),
H2O, phosphate buffer
(pH 8), N2, rt, 41h
[62]
34 R 19.5 NHC-9 (10 mol%),
NEt3, MeOH, 20ºC
[63]
20 R 10.5 NHC-10 (10 mol%),
NEt3, MeOH, 20ºC
[63]
50 R 20.5 NHC-11 (10 mol%),
NEt3, MeOH, 20ºC
[63]
100 S 26 NHC-12 (5 mol%),
NEt3 (neat) 20ºC, 18h
[64]
Table continues
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Catalyst Yield (%) R/S config.
of product
ee (%) Conditions
18 R 30 NHC-13 (10 mol%),
NEt3, MeOH:H2O
(1:2.5), rt, 8h [65]
85 R 40 NHC-14 (20 mol%),
NEt3, THF, rt, 18h
[66]
1.4.5 Bicyclic Thiazolium Salts
More rigid structures were proposed by Leeper and coworkers, who reasoned that low yields
might be obtained due to free rotation around the chiral moiety, therefore hindering approach
of both benzaldehyde molecules [63]. Using 3 different bicyclic catalysts (NHC-9-11),
yields of up to 50% were reported, but only ees up to 20.5% were achieved (Table 1.3).
Leeper and coworkers proposed further rigid catalysts in the form of polycyclic thiazolium
salt NHC-12 [64]. Although these catalysts were less effective and only led to a maximum ee
of 26%, the catalysts could be synthesised in only 5 steps. These studies also demonstrated
that blocking one face of the thiazolium ring was not enough to encourage enantioselectivity,
and so further structural investigations were needed.
The following year, Rawal and coworkers demonstrated the use of bicyclic thiazolium
catalyst NHC-13 in the benzoin condensation [65]. Using MeOH:H2O as the solvent
yielded the product with an ee of 30%. Using Sheehan’s naphthyl catalyst NHC-7 with
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these optimised conditions, an ee of 48% was achieved, with a 52% yield. Bach and
coworkers proposed axially chiral catalyst NHC-14 as a different method of introducing
enantioselectivity [66]. Benzoin was formed in 85% yield, but with 40% ee. Although the
importance of axial chirality was demonstrated in the asymmetric benzoin condensation, the
atropisomers used were not configurationally stable and interconverted during the reaction,
meaning the enantioselectivity was not as high as hoped.
Fig. 1.26 Proposed dimer intermediate 26.
Several attempts have been made to use thiazolium dimers as catalysts for the benzoin
condensation, but these have achieved only modest enantioselectivities [67, 68]. Rationale
behind these precatalysts comes from a potential dimer intermediate 26 being the active
catalytic species (Fig. 1.26). However, Breslow ruled this route out as unlikely due to his
provided kinetic evidence for the Breslow intermediate, which is widely accepted [56]. No
further improvements in ee of the thiazolium salt catalysed benzoin condensation have yet
been reported.
1.4.6 Triazolium Salt Catalysts
Miyashita and coworkers first reported triazolium salt precatalysts capable of catalysing the
benzoin condensation in 1996 [69]. Although achiral, the use of a triazolium catalyst for this
reaction of benzaldehyde had not been reported previously. However, Enders and coworkers
had shown that formaldehyde could react in a similar fashion to benzaldehyde using a
triazolium carbene catalyst to form the formoin product [70]. Motivated by this, Enders and
coworkers demonstrated the first successful use of a triazolium salt as a precatalyst in the
asymmetric benzoin condensation [71]. Using benzaldehyde, an ee of 75% was determined,
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and unlike the thiazolium-catalysed reactions, the product was isolated in 66% yield using
only 5 mol% of NHC-15 (Table 1.4).
To directly compare triazolium and thiazolium salts, Leeper and coworkers trialled both
of these in the benzoin condensation [72]. Using identical reaction conditions, the bicyclic
triazolium precatalysts including NHC-16 gave ee’s of benzoin up to 80%, around four times
higher than the bicyclic thiazolium salts. The catalysts were synthesised in a simple three-step
procedure, giving an overall yield of 65% (Fig. 1.27). This facile synthesis starting from
chiral amino acid derivatives has inspired the synthesis of many other bicyclic triazolium salt
precatalysts.
Fig. 1.27 Synthesis of bicyclic triazolium catalysts by Leeper and Knight.
Using a modification of Leeper’s synthesis, Enders and coworkers synthesised a bicyclic
triazolium salt catalyst NHC-17 employing a chiral tert-butyl group [73]. Variation of the
catalyst and base loading demonstrated that higher loading led to higher yield, with 10 mol%
loading giving a yield of 83%. However, this led to a lower ee compared to the lower catalyst
loadings. A modified bicyclic catalyst by Enders featuring a much bulkier chiral side group,
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Table 1.4 Triazolium catalysts in the benzoin condensation.
Catalyst Yield (%)
R/S config.
of product ee (%) Conditions
66 R 75 K2CO3, THF, rt,
60h [71]
45 S 80 NEt3, MeOH, rt,
18h [72]
83 S 90 KOtBu, THF, rt,
16h [73]
66 R 95 KHDMS, toluene,
rt, 16h [74]
95 S 95 KOtBu, THF, rt
[75]
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NHC-18, led to an increased ee of 95%, but a significantly lower yield than the previous
catalyst [74].
In 2008, You and coworkers investigated C2-symmetric bis-triazolium salt precatalyst
NHC-19 in the benzoin condensation [75]. It was thought that the higher level of conjugation
compared to other catalysts would lead to a higher activity, and the number of active catalytic
sites would be increased. An advantage of this method was the low catalyst loading, which
was only 1%, compared to other effective triazolium salt catalysts. Both high yield and
enantioselectivity were achieved.
1.4.7 Current Hydrogen-Bonding Catalysts for the Benzoin Condensa-
tion
There are currently very few examples where H-bonding NHCs have been used for the
benzoin condensation. In 2009, Connon and O’Toole reported use of rigid triazolium catalyst
NHC-20 incorporating an amide as a hydrogen-bond donating moiety [76] (Table 1.5). Up
to 62% ee was reported, but yields did not exceed 63%. Direct comparison of this catalyst to
the methyl-protected amine analogue gave an increased ee of 41%, but with a yield of 25%.
Interestingly, H-bonding catalyst NHC-21 only gave an ee of 16%. This shows that other
factors also have an effect on enantioselectivity, such as the electron-withdrawing capabilities
of the substituents.
Connon and coworkers reported a rigid bicyclic triazolium catalyst in 2009, NHC-6,
employing a hydroxyl group as the H-bonding moiety [77]. Containing only one chiral
centre, the catalyst obtained ee’s of > 99%, with yields up to 100%. Replacing the N-phenyl
group with an electron withdrawing pentafluorophenyl group obtained much higher yields.
An analogue with a methoxy group was synthesised to remove the H-bonding, and the
ee dropped to 53% showing not only that H-bonding had a significant effect, but also the
structure of the catalyst could reasonably influence stereoselectivity regardless. Both of these
catalysts were effective at as low as 4 mol%, and worked at room temperature or lower.
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Table 1.5 H-bonding triazolium salt catalysts in the benzoin condensation.
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Only one example of a triazolium salt incorporating a (thio)urea group has been published
to date, by Waser and coworkers who incorporated a (thio)urea moiety onto a bicyclic
core [78] (NHC-22a-d). The bis-trifluoromethyl phenyl ring catalyst NHC-22d gave a
much higher ee when in conjunction with the thiourea moiety, achieving 90% ee at room
temperature. Both urea and thiourea analogues were synthesised, and it was observed that
there was a decrease in yield as enantioselectivity increased. The catalysts themselves were
easily synthesised in 7 steps with yields up to 30%, based on Leeper and coworkers’ route
[72]. There have been no further reports since their initial publication in 2010.
From the original thiazolium salt design to the newer triazolium salts with superior
catalytic efficiency, many catalysts have demonstrated nearly 100% ee and equally high
yields. However, as discussed previously by Leeper [64], simply blocking the face of the
triazolium salt is not enough. Although Connon’s catalyst has demonstrated the highest ee
and yield of benzoin for any of the hydrogen-bonding catalysts, the bulky phenyl groups
attached add a large degree of steric repulsion, leading to reaction times of 24 hours. The
thiourea catalyst has shown promise in regard to both yield and enantioselectivity, and due to
no other studies in this area being reported, there is great interest to try and improve on these
initial results.
1.5 Other Applications of NHCs
Aside from the homobenzoin condensation, NHCs can also catalyse a range of reactions
including cross-benzoin and intramolecular benzoin condensations, Stetter reactions, and
many cyclisation reactions. More exhaustive reviews for these catalysts can be found
elsewhere [23, 79, 80] and only a selection are to be discussed here.
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1.5.1 Achiral Cross Benzoin Condensations
The benzoin condensation discussed earlier can also occur between two different aldehydes,
known as the cross benzoin (or heterobenzoin) condensation. This is synthetically useful
as it widens the scope of the benzoin condensation, accessing many new asymmetric α-
hydroxyketones. However, chemoselectivity issues arise as there are now four possible
compounds that can be made, and it is difficult to control which of these is favoured (Fig.
1.28).
Fig. 1.28 Chemoselectivity issues with the cross-benzoin condensation.
Stetter reported the first attempted cross benzoin condensations using achiral thiazolium
salt carbene catalysts as early as 1977 [81, 82], but chemoselectivity was poor. However,
this demonstrated the ability of NHC catalysts in reactions other than the homobenzoin
condensation.
Connon and coworkers took major steps forward in the cross-benzoin condensation
from 2010 onwards, using triazolium pre-catalysts (Fig. 1.30). These allowed for the cross-
coupling of aliphatic aldehydes with electron-rich aromatic aldehydes [83], something which
had not been previously reported. Direct comparison of Stetter’s catalyst with triazolium salts
showed that the triazolium salt NHC-24 gave a better yield with benzaldehyde derivatives
than thiazolium salt NHC-23 did (Table 1.6). However, the thiazolium salt showed better
tolerance to heterocyclic aldehydes. The triazolium salt worked for a wide range of reagents.
Again, an achiral catalyst was used here so there was no enantioselectivity.
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Table 1.6 Comparing thiazolium and triazolium salt pre-catalysts in the cross benzoin con-
densation.
Catalyst and Yield (%)
Conditions Ar a b c d
A
B Phenyl
<2
<2
20
13
27
<2
27
61
A
B 2-ClC6H4
<2
<2
8
<2
<2
<2
64
68
A
B 4-ClC6H4
5
0
12
7
27
12
26
63
A
B 2-furyl
5
<2
<2
13
78
33
7
28
A
B 2-thienyl
<2
<2
9
14
44
31
<2
0
Conditions: (Ab) NHC-23 (10 mol%), Et3N (60 mol%), EtOH, reflux, 16 h [81]. (B)
NHC-24 (10 mol%), Rb2CO3 (10 mol%), THF, 60 °C, 20 h [82].
a Yield determined by 1H NMR spectroscopy using (E)-stilbene as an internal standard.
b Data is from the average of a minimum of two experiments.
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The chemoselectivity of this cross benzoin condensation using thiazolium NHCs is
thought to come from the formation of the more thermodynamically stable aromatic Breslow
intermediate 36a (Fig. 1.29). The increased stability is due to the improved delocalisation
through the π-system. However, using bulky triazolium salt catalysts favour the formation of
the alkyl-Breslow intermediate 36c to avoid steric repulsion.
Fig. 1.29 Explanation of chemoselectivity in the cross benzoin condensation.
Using catalyst NHC-24, Connon and coworkers demonstrated a wider range of cross-
benzoin condensations, between aldehydes and α–keto-esters [84]. Both aliphatic and
aromatic aldehydes were tolerated, achieving yields up to 95%. Glorius and coworkers
have demonstrated the applicability of effective thiazolium salts in the chemoselective cross
benzoin condensation [85], but again with no enantioselectivity due to the achiral catalyst.
1.5.2 Chiral Cross Benzoin Condensations
Building on their work on the benzoin condensation between α–keto-esters 37 and acetalde-
hyde 38, Connon and coworkers reported the cross-benzoin reaction using chiral NHC
catalysts [86]. NHC-6 described earlier, NHC-25 and NHC-26, all formed the product
39a-c with ee up to 76%, whilst still obtaining moderate yields (Fig. 1.30).
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Fig. 1.30 Chemoselectivity and stereoselectivity in the cross benzoin condensation.
The intramolecular benzoin condensation is important in the synthesis of many organic
and natural scaffolds. It is important to note that these are normally cross-benzoin reactions.
Erhardt and coworkers demonstrated how a polycyclic triazolium salt catalyst, NHC-27,
could be used for the cyclisation of compound 40 to 41 at room temperature (Fig. 1.31) [87].
Due to the nature of the substrate, a competing intramolecular Aldol reaction led to formation
of 42 and dehydration product 43 when screening a range of catalysts. However, catalyst
NHC-27 gave only the desired product. Although employing a chiral catalyst, a racemic
product was obtained at the end.
Using a similar polycyclic catalyst, Ema et al. showed the asymmetric intramolecular
cross-benzoin condensation could be catalysed by NHC-28 or (R,S)-NHC-27 to form a
range of bicyclic diketones [88] (Fig. 1.32). The synthesis of quaternary carbon centres is
often difficult due to steric constraints, but employing a range of conditions gave the desired
products in yields of up to 90% and ee’s up to 99%.
Jia and You demonstrated the use of camphor-based triazolium salt catalyst NHC-29 in
the intramolecular benzoin condensation of 46 to give dihydroquinoline derivatives 47 [89]
(Fig. 1.33). Using (R,S)-NHC-27 gave the product in poor ee, but NHC-29 gave the product
in up to 92% ee. Although the reaction required 15 mol% catalyst loading, the reaction gave
17 products in up to 96% yield with mild conditions.
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Fig. 1.31 Intramolecular benzoin condensation and associated Aldol side-products [87].
Fig. 1.32 Intramolecular cross benzoin condensation to form quaternary carbon centres,
reported by Ema et al. [88]. Reaction conditions (I): NHC-28 or (R,S)-NHC-27 (30 mol%),
Cs2CO3 (30 mol%), CH2Cl2, rt, 24 h. (II): identical to (I) except at 40 ºC. (III): NHC-28 or
(R,S)-NHC-27 (20 mol%), Et3N (20 mol%), THF, 23 ºC, 24 h. (IV): Identical to (I), but 45
was added at 23 ºC after the active catalyst had been generated at 40 ºC.
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Fig. 1.33 Intramolecular benzoin condensation to form dihydroquinoline derivatives [89].
1.5.3 Reactions with Different Acceptors
Goodman and coworkers demonstrated the coupling of aldehydes with (±)-β-bromo-α-keto-
esters 49 to form the corresponding esters 50 [90] (Fig. 1.34). Tolerating a range of aromatic
aldehydes, the NHC selectively added into the ketone rather than the ester, with over >20:1
diastereomeric ratio (dr) and 96% ee obtained with NHC-30.
Fig. 1.34 Cross benzoin condensation to form β-bromo α-keto esters [90].
Other benzo-fused heterocycles such as chromanones have been successfully synthesised
from reagents such as 51 using NHCs as catalysts. Enders applied three different catalysts
NHC-31,-32 and -17 to the intramolecular benzoin condensation, achieving yields of up to
93% and ee’s of up to 99% [91] (Fig. 1.35). NHC-31 was the most successful, tolerating a
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wide range of alkyl chains attached to the ketone. The aryl groups tested were unsubstituted,
2-nitro-, 2,3-methylenedioxy-, 2,4-dibromo- and 2,4-di-tert-butyl-phenyl, which all were
tolerated, but sterically demanding groups led to low conversions even at elevated temper-
atures. Increasing reaction temperature led to higher yields of 52, but lower ee. A further
camphor-based organocatalyst NHC-33 has since been applied to these reactions using
2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP) as
a base and cyclopentyl methyl ether (CPME) solvent, giving yields up to 99% and 96% ee
[92].
Fig. 1.35 Formation of chromanones via an intramolecular benzoin condensation [91, 92].
aNHC-33 (15 mol%), BEMP (15 mol%), CPME (0.1 M), rt, 1h.
The triazolium-catalysed intramolecular benzoin condensation to form chromanones
has been applied to the synthesis of natural product (+)-sappanone B (Fig. 1.36) [93] 2-
hydroxy-4-methoxybenzaldehyde 53 is first converted to the pre-cursor 54 over 5 steps, with
an overall yield of 83%. The reaction is then catalysed by NHC-34, achieving 95% ee.
Finally, subsequent hydrolyses afford the final product 56.
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Fig. 1.36 Synthetic route to (+)-sappanone-B using an NHC-organocatalysed intramolecular
benzoin condensation [93].
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Aldehyde-ketone benzoin condensations are also possible with NHC catalysts. Using
thiamine derivative NHC-35, Suzuki and coworkers performed an intramolecular benzoin
condensation from 57a-c to form polycyclic preanthraquinones 58a-c [94] (Fig. 1.37).
Cyclohexene rings with chiral groups attached achieved a de of >20:1, in yields up to 95%.
Fig. 1.37 Intramolecular benzoin condensation using a thiazolium salt pre-catalyst [94].
Reactions With Imines
NHCs can also facilitate the reaction of carbonyls with imines in several ways, such as the Aza
Morita-Baylis-Hillman (aza-MBH) reaction, and the Staudinger synthesis. Using bifunctional
catalyst NHC-36, which is capable of H-bonding to the reagents, a new chiral amine centre
in product 61 was formed upon addition to the ketone 59 in the aza-MBH reaction as shown
by Ye and coworkers [95] (Fig. 1.38). Several catalysts were screened for this reaction, and
catalyst NHC-36 gave the highest enantioselectivity of 44%, with a moderate yield of 54%.
Although the enantioselectivity needs improving, it shows how bifunctional catalysts can
influence the selectivity in a range of reactions beyond the traditional benzoin condensation.
Using catalyst NHC-37, Ye demonstrated the Staudinger synthesis of β-lactams 64 from
ketenes 62 and Boc-imines 63 [96] (Fig. 1.39), but included a tert-butyl dimethylsilyl (TBS)
protecting group, removing any hydrogen bonding. The catalyst worked extremely well,
giving yields from 91 to 99%, and up to 99:1 cis:trans. The reaction also worked when the
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Fig. 1.38 NHC-catalysed reaction [95].
imine had a tosyl (Ts) protecting group instead of a tert-butyloxycarbonyl (Boc)-protecting
group, giving a yield of 88%. Up to 99% ee was obtained.
Fig. 1.39 Staudinger reaction using a triazolium salt catalyst [96].
A reaction similar to the Staudinger reaction was discovered by You and coworkers
between aldehydes and imines 66, leading to secondary amine product 67 [97] (Fig. 1.40).
Using thiamine-derived catalyst NHC-38, yields of 66-95% were achieved, tolerating a range
of aryl rings and heterocycles on both of the substituents. Due to the achiral catalyst, no
enantioselectivity was observed.
Ye has further applications of NHC catalysts, including the [2+3] cyclocondensation of
α-chloroaldehydes with azomethine imines [98].
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Fig. 1.40 NHC-catalysed coupling of aldehydes with un-activated imines [97].
The Stetter Reaction
Beyond the benzoin condensation, arguably the most successful application of NHC catalysts
is in the Stetter reaction. In this reaction, an aldehyde is added into a Michael acceptor, and
a wide range of functional groups and therefore products can be synthesised. The Stetter
reaction can be catalysed successfully by both thiazolium and triazolium salts. This is only
briefly covered here as an application of NHC catalysts; more comprehensive reviews can be
found elsewhere [99, 100].
Stetter first reported this reaction in 1973, hence lending his name to the reaction [101].
Aromatic aldehydes such as 68 were added to 1,4-Michael acceptors 69 featuring electron-
withdrawing groups (EWGs) such as nitriles and ketones in yields of 70 up to 90%, using
a cyanide anion catalyst (Fig. 1.41). One advantage to the Stetter reaction is the lack of
reversibility; the final product is stable, and so there is no racemisation of the chiral centre.
Fig. 1.41 Cyanide-catalysed Stetter reaction [101].
Only in the past few decades have chiral catalysts been used to make the Stetter reaction
stereoselective. The Stetter reaction can also be used to form chromanone derivatives (Table
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1.7), as with the benzoin condensation discussed earlier. The first reported asymmetric
intramolecular Stetter reaction was by Enders and coworkers using catalyst NHC-15, which
they reported in the asymmetric benzoin condensation. Variation in both EWGs on the
aromatic ring and the alkyl chain on the ester [102] were tolerated, and yields up to 73%
were obtained, and good enantioselectivity from 41-71% (Entries 1a-h).
Several years later, Rovis applied catalyst NHC-39 in the formation of chromanones via
the Stetter reaction [103]. Again, variation on the ester and aromatic ring were tolerated, but
Rovis also varied the heteroatom substituent with protected N-groups and CH2. Compared
to Ender’s catalyst, both yields and enantioselectivities were significantly higher, ranging
from 82 to 96% ee (Entries 2a-h). Rovis also applied this reaction to the synthesis of
cyclopentanone and benzofuranone in equally high yields, but with <5% ee for the latter.
Table 1.7 Asymmetric intramolecular Stetter reaction to form chiral chromanones.
Entry Catalyst X R R1 Yield (%) ee (%)e
1a NHC-15 O H Me 73 60
Table continues
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Entry Catalyst X R R1 Yield (%) ee (%)e
1b NHC-15 O H Et 69 56
1c NHC-15 O 8-MeO Me 44 68
1d NHC-15 O 8-MeO Et 69 62
1e NHC-15 O 7-MeO Me 22 71
1f NHC-15 O 6-MeO Me 56 61
1g NHC-15 O 6-Cl Me 50 41
1h NHC-15 O 5,6-Ph Me 51 65
2a NHC-39 O H Et 94 94
2b NHC-39 O 6-Me Et 80 97
2c NHC-39 O 8-Me Et 90 84
2d NHC-39 O 8-MeO Et 95 87
2e NHC-39 S H Me 63 96
2f NHC-39 NMe H Me 64 82
2g NHC-39 NCH2=CHCO2Me H Me 72 84
2h NHC-39 CH2 H Et 35 94f
3a NHC-40 O H Et 94 96
3b NHC-40 O 8-MeO Et 95 96
3c NHC-40 O 7-MeO Et 89 97
3d NHC-40 O 6-MeO Et 97 96
3e NHC-40 O 8-Me Et 95 95
3f NHC-40 O 6-Me Et 95 97
3g NHC-40 O 6-Cl Et 94 93
3h NHC-40 O 6-Br Et 94 94
3i NHC-40 O 6-NO2 Et 86 68
3j NHC-40 O 7-Et2N Et 90 97
Table continues
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Entry Catalyst X R R1 Yield (%) ee (%)e
3k NHC-40 S H Et 26 88
3l NHC-40 N-Ms H Et 77 56
4a NHC-41 O H Et 99 99
Table 1.7 aConditions: Cat (20 mol%), K2CO3, THF, reported by Enders and coworkers
[102]. bConditions: Cat (20 mol%), KHDMS (20 mol%), xylenes, rt, 24h, as reported by
De Alaniz and Rovis [103]. cConditions: Cat (20 mol%), DIPEA (10 mol%), o-xylene,
rt, reported by You and coworkers [104]. dContitions: Cat (8 mol%), DIPEA (8 mol%),
cyclohexane, rt, 20h, 99 : 1 er, reported by Ráfinski [105]. e R configuration unless stated. f
S configuration.
As the camphor-based catalyst NHC-40 had been successfully used in the intramolec-
ular benzoin condensation, You and coworkers applied it to reagent 71, demonstrating the
versatility of substrates with this catalyst [104] (Entries 3a-l). Yields were again high for
the chromanones, and also showed tolerance for sulfur (Entry 3k) and N-mesyl (Entry 3l),
although in lower yield and enantioselectivity. More recently, novel (-)-β-pinene-derived
catalyst NHC-41 was developed and used in this reaction, with up to 99% ee and 99% yield
(4a) tolerating various substitutions on the reagents [106].
1.5.4 NHC-Catalysed Cyclisations, Annulations and Complex Domino
Cascades
Cross condensation reactions are also found in more complex reactions, such as domino-
cascades developed by Ma et al. forming acyclic ε-keto esters 76 [107] (Fig. 1.42). A poten-
tial mechanism involving a cascade crossed-benzoin/oxy-Cope rearrangement/esterification
catalysed by NHC-42 was proposed for formation of the final product.
Exploiting the reactivity and mechanism of NHC-catalysed reactions has recently led to
the development of annulation reactions. Tailoring the starting materials allows for [3+3],
[4+2] and [3+2] cycloannulations, giving a range of cyclised products including spirocyclic
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Fig. 1.42 Formation of acyclic ε-keto esters using an NHC catalyst [107].
compounds which are notoriously difficult to synthesise due to steric constraints. Further
modifications, including addition of leaving groups, allow for greater flexibility in product
synthesis. Much progress has been made in these reactions in terms of enantioselectivity,
and further functionalisation of the cyclic products gives great value to these reactions in
drug discovery programmes. More detailed reviews exist on this topic [108], including
computational investigations [109], and the enantioselective reactions are discussed in more
detail.
[3+2] Annulations
Spirocyclic centres can be formed by the annulation of enals and unsaturated pyrazolones
[110]. Spiropyrazolones have demonstrated potential as therapeutic agents, including in anti-
cancer treatments [111]. The reaction proceeds via NHC insertion into the initial aldehyde
78 to form the Breslow intermediate, which then undergoes a homoenolate Michael addition
with 77 followed by subsequent spiro cyclisation to form final product 79. Over 17 different
spiropyrazolones were catalysed by (R,S)-NHC-30 in yields up to 86%, and up to 95% ee
(Fig. 1.43). Diastereomeric ratios (dr) were also >20:1diastereomeric ratio (dr)in some cases.
1.5 Other Applications of NHCs 51
Fig. 1.43 Synthesis of NHC-catalysed spiropyrazolones via a [3+2] annulation.
[3+3] Cyclisations
Enders reported that dihydropyranones can be accessed from 1,3-dicarbonyl compounds 80
and N-cinnamyltriazole derivatives 81 [112]. NHC-43 initially displaces the triazole of the
N-cinnamyltriazole to generate the active species. Tautomerisation of the 1,3-dicarbonyl
allows reaction with the intermediate to promote cyclisation and generation of the final
dihydropyranone 82. The reaction tolerates aliphatic and aromatic 1,3-diketones, and both
electron rich and deficient groups on the α-β-unsaturated N-acyltriazole (Fig. 1.44). Yields
of up to 96% were obtained, and up to 86% ee.
Fig. 1.44 Synthesis of NHC-catalysed dihydropyranones via a [3+3] cyclisation [112].
Another way of synthesising dihydropyranones was reported by Zeitler and Fuchs from
nitrostyrene, which uses both a chiral and an achiral NHC catalyst, (R,S)-NHC-30-Cl and
NHC-24 respectively, in combination with a thiourea catalyst THIO-2 to generate the final
product 86 [113]. Although requiring a number of different catalysts, the three step reaction
can be performed in one pot from very simple starting materials 83-85. The products were
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synthesised in yields up to 76% with 99% ee, tolerating aliphatic and aromatic subsitutents
(Fig. 1.45).
Fig. 1.45 Synthesis of dihydropyranones formed in a one-pot procedure using a combination
of three different catalysts, reported by Zeitler and Fuchs [113].
[3+4] Annulations
Incorporating leaving groups into the starting materials has allowed formation of new
molecules with bioactive scaffolds, and in 2018 Fang and coworkers reported a new method
to access 1,5-benzodiazepin-2-ones 89 using (R,S)-NHC-30 [114]. These compounds and
their derivatives have been used as treatments in nervous system disorders, yet little work
has been reported in the development of these cores. Optimisation of the reaction between
benzene-1,2-diamine derivatives and α-bromoenals led to a wide range of functionalised
1,5-benzodiazepin-2-ones 89a-e. The reaction proceeded with both symmetric and unsym-
metric benzene-1,2-diamine derivatives in up to 99% ee, showing good regioselectivity
in the reaction (Fig. 1.46). Scaling up the reaction also worked well, and the products
could be N-functionalised to further increase the diversity of the scaffolds. In one case,
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N-functionalisation of 89e by reaction with ethyl chloroformate gave compound 90, which
has been used in treatment of disorders caused by Shiga toxins [115].
Fig. 1.46 (i) The scope of the unsymmetric NHC-catalysed synthesis of 1,5-benzodiazepin-
2-ones via a [3+4] annulation. (ii) Further functionalisation of 1,5-benzodiazepin-2-one to
generate bioactive molecule 90 used in Shiga toxin disorder treatment [114].
[4+2] Cyclisations
[4+2] cyclisations are common cycloaddition reactions, with one of the most notable being
the Diels-Alder reaction between conjugated dienes and substituted alkenes. Using an NHC
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catalyst, a range of transformations can be catalysed to give new cyclic scaffolds [116]. An
all-carbon cyclisation between 2-acyloxy-3-butenones 91 and α-bromoenals 92 gave highly
functionalised cyclohexene scaffolds 93. Interestingly, the proposed mechanism proceeds via
a β-lactone intermediate, which is hydrolysed by methanol to give the corresponding methyl
ester and alcohol. This method generated over 26 diverse cyclohexenes using NHC-44,
in yields up to 84% and 99% ee (Fig. 1.47). High dr’s (>20:1) were also obtained. The
cyclohexene product 93 can then undergo further transformations, demonstrating the scope
and attraction of this reaction.
[4+2] Annulations
Zhong and coworkers demonstrated the synthesis of 3’-spirocyclic oxindoles 96 [117]. This
core is an important scaffold for biologically active molecules, including Gelsemine 1 and
(+)-Welwitindolinone A. These complex compounds are synthesised from γ-fluoroenals 94
and isatin 95. Initial addition of (R,S)-NHC-30-Cl to the γ-fluoroenal generates the Breslow
intermediate, but C-F cleavage then occurs. The proposed mechanism by Zhong follows
with tautomerisation, enolene rearrangement and a deprotonation to generate the reactive
vinyl enolate, which then reacts with the carbonyl at the 3-position of isatin to give the
3’-spirocyclic oxindole 96. The reaction tolerates variation of functionality on both the
aromatic rings of the γ-fluoroenal and isatin, and also tolerates N-substitution (Fig. 1.48). 15
examples were demonstrated, giving up to 91% yield and >99% ee.
[4+2] annulations can also occur between α-haloaldehydes and 5-alkenylthiazolones using
NHC-45, as demonstrated by Enders (Fig. 1.49) [118]. Similar to previous annulations,
initial addition of the carbene into the α-haloaldehyde 98 generates the Breslow intermediate,
upon which the enolate is generated by loss of the chloride group. Reaction with the
Michael acceptor of the 5-alkenylthiazolone 97 occurs, and lactonisation drives the product
99 formation and regeneration of the active catalytic species. Not only did the reaction occur
in good ee (99%) and yield (96%), but also in excellent diastereoselectivity (>20:1 de).
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Fig. 1.47 Synthesis of highly substituted cyclohexenes via a [4+2] annulation, with mecha-
nism proposed by Fang et al. [114].
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Fig. 1.48 Synthesis of NHC-catalysed 3’-spirocyclic oxindoles via a [4+2] annulation [117].
Fig. 1.49 Synthesis of NHC-catalysed dihydropyranothiazoles via a [4+2] annulation [118].
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Ye and coworkers reported the use of polycyclic catalyst (R,S)-NHC-30, incorporating
an N-mesityl group and a BF4- counter-ion, in an intermolecular cyclisation reaction between
α-chloroaldehydes 100 and Michael acceptors 101 to form indenopyrones 102 (Fig. 1.50).
This also worked with aliphatic α-chloroaldehydes, in ee’s ranging from 91 to 99% [119].
Fig. 1.50 NHC-catalysed formation of indenopyrones from α-chloroaldehydes and Michael
acceptors [119].
1.5.5 Conclusions
A broad range of thiazolium and triazolium salt pre-catalysts have been trialled in the benzoin
condensation. Initial studies showed that thiazolium salt pre-catalysts could catalyse this
reaction, and later developments showed that the triazolium salts gave a better enantiose-
lectivity. Often, increasing the enantioselectivity of a compound would correspond with a
decrease in yield. Several bifunctional H-bonding catalysts have been developed, and it was
demonstrated that a thiourea or hydroxyl moiety could increase the stereoselectivity, but
more improvements in this area are needed.
Thiazolium and triazolium salts have also been demonstrated as effective catalysts over
a much wider scope, including cross-benzoin condensations, intramolecular cyclisations
and even domino cascade reactions. H-bonding catalysis has been briefly explored in these
applications, and has showed high ee’s in the cross-benzoin condensation between aldehydes
and α-keto-esters.
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NHC catalysis using triazolium salts based on the benzoin condensation has allowed
for synthesis of natural products, such as (±)-sappanone (B), a chromanone derivative. The
versatility of these catalysts allow for a range of C-C bond forming reactions. The catalysts
work with imines in Staudinger synthesis type reactions, although current reports have often
used achiral catalysts.
Based on these findings, triazolium salt pre-catalysts will be further investigated in the
asymmetric benzoin condensation, incorporating hydrogen bonding moieties to try and
improve enantioselectivity in mild conditions over short reaction times. Thiazolium salt
analogues will be investigated and directly compared to the triazolium salts, to ensure
consistency with previous studies.
Chapter 2
Design of New Catalysts and Reaction
Condition Optimisation
2.1 Aims of the Project
2.1.1 New Catalyst Design
In 2015, Rovis and coworkers compiled all of the currently reported chiral NHC precursors
used as catalysts in the literature [108], grouping them according to their scaffold (Fig. 2.1).
Most of these are variations on the bicyclic catalyst design originally pioneered by Leeper
and coworkers (morpholine and pyrrolidine-based) [63]. However, there are also several
notable acyclic triazolium salts (Fig. 2.2), and even polycyclic rings reported. The figure
shows that no new developments have been made with thiazolium salts since 2005 due to the
relative success of their triazolium salt counterparts (Fig. 2.3). However, new catalysts have
been synthesised as recently as 2014 with pyrrolidine and morpholine based scaffolds.
All of the catalysts reported have similar based scaffolds containing important key
moieties; the N-heterocyclic ring which acts as the catalytic centre of the molecule, the chiral
backbone, and areas for modification allowing fine tuning of electronic properties. This
was the basis for the design for new catalysts investigated here, but modifcations included
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Fig. 2.1 Chiral triazolium salt catalysts based on aminoindane, morpholine and pyrrolodine,
collated by Rovis and coworkers [108].
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Fig. 2.2 Acyclic and oxazolidine-based chiral triazolium salt catalysts, collated by Rovis and
coworkers [108].
Fig. 2.3 Thiazole-based heterazolium salt catalysts, collated by Rovis and coworkers [108].
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an H-bonding moiety to allow stereoselective synthesis (Fig. 2.4). For an organocatalyst
to become widely used and accessible, it is important that the catalyst can be made from
commercially available starting materials, has relatively straightforward synthesis, and is
relatively cheap to synthesise. It is also desirable to allow for late stage functionalisation on
each of the chiral scaffolds [120], so a range of catalysts can be synthesised. This will allow
investigation of how different properties affect the catalytic ability of these molecules. The
aromatic moiety of the triazolium salt can also be varied, e.g. electron-poor groups such as
the pentafluorophenyl group, or sterically bulky groups such as mesityl or the newly reported
carborane group [121] (although its use is only reported in achiral organocatalysts to date).
Fig. 2.4 General scaffold for new triazolium salt catalysts, showing the Breslow intermediate
and proposed interaction with the second molecule of benzaldehyde. The catalysts include a
chiral scaffold to allow stereoselectivity in the formation of the product.
It was envisioned that several new scaffolds could be created from commercial starting
materials, including diamines (Fig. 2.5). Takemoto’s reported bifunctional H-bonding
catalysts based on a 1,2-diamine scaffold [42] were to be investigated as a potential chiral
backbone first, due to commercial availability of the chiral starting material, and also the well
established synthetic routes to (thio)urea backbones. Modification of the aromatic moiety
attached to the (thio)urea will allow for modification of the acidity, a key factor which is
important in H-bonding interactions [39]. Another commercially available class of chiral
starting materials incorporating various functional groups for synthetic modification are
amino acids, as many of the existing bicyclic catalysts come from amino acids and their
derivatives [122].
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The position of the (thio)urea in relation to the heterocyclic ring is an important consider-
ation in new catalyst design, so a 1,4-diamine-derived catalyst was designed. This will have
increased flexibility copmared to the 1,2-diamine-derived backbone, which may influence
interactions with the incoming benzaldehyde molecule. Although chiral 1,4-diamines are not
commercially available, (±)-trans-cyclohexane-1,2-dicarboxylic acid can be obtained, which
will be a good starting point once chirally resolved into its enantiomers.
Fig. 2.5 New catalyst scaffold designs, based on syntheses from commercially available
chiral starting materials.
Although these new catalyst scaffolds will help to provide insight into how structure
influences catalytic ability, the most extensively investigated catalysts incorporate the bicyclic
core (Fig. 2.1) [63]. A bicyclic catalyst incorporating (thio)urea has already been designed
[78], but allows free rotation of the H-bonding group. To understand the importance of
this rotation, a catalyst designed from a δ-valerolactam-derived backbone was designed.
Having a similar structure to Waser’s catalyst and the same molecular mass, the methylene is
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incorporated into the bicyclic ring, meaning the (thio)urea is firmly attached in place on the
aromatic ring. Comparing these catalysts may lead to insights into new catalyst design.
2.1.2 Computational Design of Organocatalysts
Classically, when designing new catalysts, a "trial and error" type approach has always been
used. By synthesising and testing a catalyst, making a structural modification, and seeing
how the results change, reasonably accurate pictures can be built up of what features are
important in building new catalysts, especially in terms of asymmetric organocatalysis and
introducing stereoselectivity. While this is effective, the synthesis of new catalysts can be
time consuming and costly. Since the development of computational methods, new catalysts
can now be designed and analysed using quantum mechanical (QM) methods, saving time
and precious materials for synthesis.
Houk highlighted the importance of using computational methods in the design of new
asymmetric organocatalysts [123], also known as de novo design. His research into proline
organocatalysts helped to understand the hydrogen bonding in the transition-state of aldol
reactions, disproving previous theories [18]. Futher work gave an explanation of why (S)-
pipecolic acid gave syn-products in the Mannich reaction, whilst proline-catalysed gave the
anti-product [124]. These studies were important as it not only showed how QM methods can
help rationalise results obtained experimentally, but also highlighted how relatively accurate
predictions of ee could be made.
Analysis of transition states is a key indicator of how well a chiral catalyst performs
in the formation of the new stereocenter based on bonding interactions and steric bulk. A
template needs to be developed by using simplified molecules to gain understanding into
the reaction, before applying these conclusions to larger, more relevant catalysts. However,
catalytic systems are often huge and complex, and balancing precision against computational
time is key. This can be overcome by using different methods for various parts of the system.
If the key interactions are known, this can be calculated using a more detailed method on a
2.1 Aims of the Project 65
select number of atoms. Different methods can then be layered on top for the surrounding
atoms of the molecules, of which accuracy is less important. For example, with the benzoin
condensation, the interaction around the carbene and the carbonyl is more important to be
accurate than that of the functional groups. A general process for using computational design
in organocatalysis is given:
• Create a template
• Determine the structure of the transition state
• Minimise the energy of the transition state
• Perform a single-point calculation to determine the ΔG of the transition state
• Take the difference in ΔGrel to calculate the Boltzmann distribution
• Convert the Boltzmann distribution to determine the ee of the reaction.
For the benzoin condensation, Houk calculated the transition state for the formation of
the C-C bond between fomaldehyde and N-methyl thiazolium [125]. This determined that
the intramolecular proton transfer is important in these systems, in determining the rigidity
of the transition state therefore the stereochemistry. Other key features in this system is the
the π– aromatic iminium interactions, which has been determined as 3.4 Å. This corresponds
with experimentally determined values in other biological and chemical systems, with an
extensive review by Castellano and Diederich [126].
Dudding and Houk proceeded to analyse four currently existing thiazolium and triazolium
salt catalysts in the benzoin condensation, to rationalise the stereoselectivity and the ee of
each catalyst. The catalysts had been tested experimentally with quantitative data, providing
slight to moderate enantiomeric excess (ee) [125] The catalysts can only interact with the
substrates in a set number of ways: the Breslow intermediate can have an E or Z double
bond and the re or si face of the Breslow intermediate can interact with the re or si face of
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benzaldehyde, meaning there are only 8 combinations and therefore a relatively low number
of calculations to be completed for each system. Re and si are terms used to describe prochiral
faces of planar atoms in molecules, such as ketones and aldehydes [127]. Benzaldehyde is
prochiral, as it can be desymmetrized in one step, and nomenclature is dependent on the
face of attack. Similar to R and S, these terms are denoted based on the Cahn-Ingold-Prelog
priority, where re indicates decreasing priority of substituents in a clockwise order when
looking at a particular face, and si refers to the anti-clockwise decrease in priority (Fig. 2.6);
more detailed information on the nomenclature is summarised by Helmchen [128]. It is
important to note that these terms do not correspond directly to R or S in the product of attack
at that face, as these are determined by the priority of the incoming reactant.
Fig. 2.6 The re and si face of benzaldehyde as determined by the Cahn-Ingold-Prelog rules
of priority.
The calculations are useful in giving some indication of the likely success of an asym-
metric catalyst in influencing stereoselectivity. Energies of different possible transition states
of catalytic reactions can be determined, the difference in the free energy can be used to
calculate the Boltzmann distribution using equation 2.1, using the Curtin-Hammett principle.
krel = e∆∆G‡/RT (2.1)
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From this, a relatively reliable indication of the ee of a reaction can be given. Using
calculated data and comparing to literature values, Houk and Dudding managed to effectively
rationalise the ee of the reactions; low ee’s occur where there is little energy difference
between two transition states leading to opposite enantiomers, as it is relatively easy to form
both of these (Fig. 2.1). The chiral thiazolium salt synthesised by Knight and Leeper only
gave 10.5% ee [63] when tested in the benzoin condensation. The calculated values by Houk
and Dudding demonstrated a relatively low energy barrier between the two enantiomers (ΔG
rel= 0.7 kcal/mol), and the calculated Boltzmann distribution of transition states within 4.0
kcal/mol of the lowest energy structure predicted an ee of 9.5% (Fig. 2.1).
This method often led to overestimation of values in these systems, but still provided a
reliable indicator as to whether a catalyst would perform poorly or relatively well, and also
to the stereochemistry of the product. Another factor to note is that the calculations give an
upper limit which is never usually experimentally obtained. This is due to the racemisation
of benzoin by the catalysts in the reaction mixture [129], although Mennen et al. reported
that using a hindered base such as pentamethylpiperidine can supress this racemisation [130].
Since Dudding and Houk’s studies, computational methods have cemented themselves
in the chemist’s toolbox for design of new catalysts and explanation of mechanisms. In
2016, Cheong and coworkers reported a range of methods which can be used in nonbonding
interactions in covalent organocatalysis [131], and discussed how computational methods
can be used to elucidate the mechanism of NHC-catalysed kinetic dynamic resolution of
β-lactone formation [132].
There are some limitations to this method, and indeed computational methods in general.
In such systems, the method has to be simplified to ensure adequate calculation time. For
example, Dudding and Houk performed calculations on the catalysts and transition states
in vacuum. Solvents will have a significant effect, as they may provide stabilisation of
intermediates, or in this particular case may have an influence on mechanism of the proton
transfer. If such calculations were to be performed on the catalysts proposed in this chapter,
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Table 2.1 Calculations of ΔGrel by Dudding and Houk for the re and si combinations of
Knight and Leeper’s chiral thiazolium salt catalyst with benzaldehyde [125].
Catalyst Enolamine
Enolamine
face
Aldehyde
face
Product
configuration
ΔGrel,
kcal/mola
S E re si R 0
S E si re S 0.7
S Z si re S 0.8
S Z re re S 0.8
S E si si R 1.6
S E re re S 1.7
S Z si si R 5.9
S Z re si R 9.8
a Relative energies obtained by single-point B3LYP/6–31G(d) calculations
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there may be unpredictable solvent effects unaccounted for, for example hydrogen-bonding
solvents such as methanol interacting with the (thio)urea moiety and providing competition
for the carbonyl of the benzaldehyde. However, these considerations lead into more detailed
computational analysis and would require expertise in the area to draw detailed conclusions.
Finally, computational conclusions do not take into account synthetic challenges. A com-
putational study by Goldfuss reported that balancing of the electrophilic and nucleophilic
properties of NHCs would indicate that oxazol-2-ylidene has the lowest activation energy to
the transition state, and therefore would be the best of their investigated catalysts [133], but
experimentally these have been demonstrated as ineffective catalysts in the benzoin reaction
due to instability and ring opening [134].
Fig. 2.7 Schematic showing a simplified relationship between global and local energy minima.
In this work, computational methods will be used as a tool to help rationalise findings
from the experimental work. Due to limited access to software and expertise, no extensive
computational studies will be undertaken here, but will be used more to illustrate conclusions.
Using computational methods to obtain global minima would be extremely intensive due to
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the size of these catalysts. Therefore, a random selection of conformers will be generated
where necessary, and these conformers will undergo energy minimisation. This method is
slightly more effective than generating a single structure, as it generates a range of local
minima (illustrated in Fig. 2.7), making results more accurate than from a single conformer,
but is in no way a comprehensive study representing the absolute global minima of any of
the structures presented. The output will be used qualitatively, to rationalise experimental
findings rather than to make predictions.
2.2 Analysis of Chiral Compounds
Most physical properties of enantiomers are identical. Due to being mirror images of
each other, the main difference between them is the way they interact with other chiral
molecules. Therefore, standard methods used in determining compound purity and structure,
such as melting point and NMR, will show no differences between two enantiomers, but a
range of other techniques can be employed to qualitiatively and quantitatively determine
stereochemical configuration and ee.
2.2.1 Determination of ee
Optical Rotation
One of the oldest measures of the ee of compounds is the optical rotation of polarised light
using a polarimeter. There are, however, several drawbacks to this method. The optical
rotations have to be compared to known values, so this method is only beneficial if the
specific rotations of the compounds are already known. The direction of rotation of polarised
light also has no bearing on the configuration of the compound, so no structural observations
can be made using this method. This method is highly sensitive, and while this may seem
advantageous, it means that slight variations such as temperature, concentration, and minor
contamination by impurities can lead to large errors in measurement.
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Chiral HPLC
Chiral HPLC is probably the most effective way of not only determining ee, but also of
separating different enantiomers. A column is employed with a chiral stationary phase (CSP),
most commonly a polysaccharide derivative, affixed onto an achiral support such as silica.
Modification of the chiral selectors mean that most types of chiral compounds can be
successfully separated [135]. The chiral compound is introduced onto the column using
solvent, and forced through the column at high pressure. The CSP interacts differently with
each enantiomer, and as a result the two enantiomers are eluted at different times.
Fig. 2.8 The structure of the CSP of Astec Cellulose.
On an analytical scale, this method works well for molecules with chromophores, as
the material is passed through a ultra-violet (UV) detector. This gives a quantitative peak
for each enantiomer separated by time, and separation can be improved by optimising the
conditions. This may involve changes in the pressure or polarity of the solvents, or in more
extreme cases employing a different CSP. This method can also be expanded to allow for
separation of the different enantiomers, when preparative columns are used. The separation
of benzoin using an Astec tris(3,5-dimethylphenylcarbamate) (DMPC) chiral column is given
in Fig. 2.9.
However, this method has its own drawbacks. The equipment is extremely expensive,
limiting its wide scale accessibility. As the quantitative measures of ee are determined by
elution time and absorbance at a particular wavelength, it is possible that impurities may
co-elute, or indeed that an impurity may be mistaken for an enantiomer. However, these
problems can be overcome by ensuring the samples are clean, comparing them to literature
values, and by cross-comparing several wavelengths to ensure the absorbances correspond
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Fig. 2.9 Chiral separation of benzoin using an Astec Cellulose chiral column. Conditions:
10:90:0.1 of isopropanol:heptane:TFA at 0.5 mL/min. Chromatogram taken from Sigma-
Aldrich.
Fig. 2.10 Chiral separation of ethyl 2-(4-oxochroman-3-yl)acetate using an Astec Cellulose
DMP chiral column. Conditions: 10:90 of isopropanol:hexane at 0.5 mL/min.
with the desired material. In the case of compounds which do not have chromophores,
additional reactions can be undertaken to make the compound UV active, which can be time-
consuming and also detrimental to potentially precious enantiomerically enriched materials.
These can be synthesised using a derivatizing agent such as m-toluoyl chloride, which is
reactive to common functional groups such as amines (Fig. 2.11).
Fig. 2.11 Introduction of a UV-active derivatising agent into non-UV active compounds to
allow detection by HPLC.
Similar to optical rotation, there is no stereochemical analysis of the compounds when us-
ing HPLC, so the exact enantiomer is not known from this method alone. Whilst the retention
times of known compounds can be compared to literature values using the same stationary
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phase (as with benzoin above), complementary methods such as X-ray crystallography can
be employed to validate this method.
2.2.2 Determination of Configuration
Chiral derivatisation
Whilst enantiomers have identical physical properties, diastereomers can be a lot easier to
determine. Due to the presence of two or more chiral centres, diastereomers have differ-
ent conformations to each other. This leads to different physical properties, for example
diastereomers will have different boiling and melting points. Their conformers will allow for
different intra-molecular interactions, leading to differences in spectral properties.
Fig. 2.12 The diastereomers (R,R)-103 and (S,R)-103 formed by reaction of (R)- and (S)-
benzoin with the acid chloride of (R)-(+)-α-Methoxy-α-trifluoromethylphenylacetic acid
(MPTA), known as (+)-Mosher’s acid.
This can be useful where it is possible to convert enantiomers to diastereomers with chiral
derivatizing agents (CDAs). If the enantiomer contains a functional group such as an alcohol
or amine, reaction with a chiral compound of known configuration, such as Mosher’s acid,
generates diastereomers. This method is very effective for determining the configuration of
the major product of unknown compounds, if no standard is available in the literature.
Once the diastereomers have been synthesised, comparative analysis of the 1H NMR of
the two esters can allow for deduction of the absolute configuration accurately. Hoye et al.
have reported an efficient protocol for the synthesis and analysis of Mosher ester derivatives
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[136]. The alcohol is reacted with the acid chlorides of both the (R) and the (S)-MTPA, to
give two diastereomers. By considering the Fischer projections of the newly formed esters
for each diastereomer, the dominant conformer can be predicted. By factoring in shielding
effects in the diastereomers, the protons attached to the more shielded group will appear more
upfield in the NMR spectrum (Fig. 2.13). Calculation of ΔδSR values (δS - δR) indicates
absolute configuration determined on whether the value is positive or negative; Hoye et al.
demonstrated a worked example with (-)-menthol [136].
Fig. 2.13 Fischer projections of a chiral secondary alcohol reacted with (S)-MPTA (left)
and (R)-MPTA (right) to give two diasteromers, taken from Hoye [136]. The grey arrow
represents the increase in shielding; in 4S (assuming R2 is lower priority than R1), R2 will
have higher shielding, i.e. will have more upfield protons in the 1H NMR spectrum. The
same is true for the protons of R1 in 4R.
While this method is good for determination of configuration, measurement of ee falls
short compared to other methods. Firstly, an added step is required to obtain the diastereomer,
which can be time-consuming. Secondly, the sample may not have any available functionality
to react with the CDA. Finally, the reaction of the sample with the CDA may not reach
completion. This leads to problems as one enantiomer may react more readily than the other
with the agent, meaning that the quantitative values obtained by NMR will not be an accurate
representation of the correct ee.
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Fig. 2.14 Synthesis of the achiral thiazolium salt pre-catalyst NHC-35.
2.3 Optimisation of Benzoin Condensation Conditions
To optimise the conditions for the benzoin condensation, several achiral pre-catalysts were
tested to investigate the conditions. 3-Benzyl-5-(2-hydroxyethyl)-4-methylthiazol-3-ium
chloride NHC-35 has been previously used by Stetter in umpolung reactions [137], so was
used as a standard. Initially, these reactions were done on a 1 mmol scale to obtain enough
product for quantitative analysis on the HPLC, using standard conditions of NEt3 as base
and MeOH as a solvent, due to their robustness in this reaction. The catalyst itself was
synthesised in one step from benzyl chloride 105 and 4-methyl-5-thiazole ethanol 104 in
acetonitrile, obtained in 77% yield (Fig. 2.14).
NHC-35 was tested both under inert atmosphere and under air, with varying levels of base
(Table 2.2). Several useful pieces of information were gathered, in particular the instability
of benzaldehyde in air. When exposed to air, benzaldehyde rapidly converts to benzoic
acid. This affected the study in two ways: firstly how to measure conversion, and secondly
the atmosphere in which it is run. Initially, the conversion of benzaldehyde to benzoin
was to be measured by comparison of the key peaks in the 1H NMR spectrum of CDCl3;
measuring loss of the aldehyde proton (10.0 ppm) against appearance of the proton attached
to the newly-formed secondary alcohol (5.96 ppm). However, due to the degradation of
benzaldehyde to benzoic acid in air, the reaction does not proceed linearly and an accurate
value cannot be obtained, especially as benzoic acid often precipitates out in CDCl3. Due to
this, it is important to use a standard to obtain precise results, especially when smaller scale
reactions are used and obtaining an accurate yield by isolation may be more difficult. It is
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Table 2.2 Initial investigation of base loading and atmosphere in the benzoin condensation.
Entry NEt3 (mol%) Solvent Atmosphere Yielda
1 10 MeOH N2 33
2 100 MeOH N2 N/Ab
3 10 None Air 0
aIsolated yield. bStarting material converted to benzoic acid and precipitated out.
also important that all the reactions are run under N2 as oxidation of the Breslow intermediate
can form by-products such as 106 [138]. Going forward, the benzaldehyde would be distilled
prior to use and used within 1 hour to minimise conversion to benzoic acid (Fig. 2.15).
2.3.1 Determination of Conversion to Benzoin
After 24 h, the reactions were monitored by thin-layer chromatography (TLC) to detect
if any benzoin had been formed. Running the TLC in 1:4 EtOAc-petroleum ether gave a
clear spot for benzoin at 0.31, which was compared against (±)-benzoin. If any material
could be detected, the solvent was removed from the crude reaction mixture, and taken up in
deuterated solvent for 1H NMR analysis. The alcohol’s α-proton gives a clear peak around 6
ppm (solvent dependent). The aim then was to compare the integration of this peak with a
suitable standard.
Selection of an NMR Standard and Solvent
An ideal NMR standard has a low number of non-equivalent types of proton which have peaks
in uncluttered areas of the spectra, and solubility in a range of deuterated solvents. Initially,
1,3,5-trimethoxybenzene was selected, due to its aromatic proton peak being outstanding.
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Fig. 2.15 Summary of problems encountered by having oxygen in the system for the benzoin
condensation.
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A sample of this was run in CDCl3 with benzoin. However, the proximity of this peak to
the key benzoin peak around 6 ppm meant that this was an unsuitable standard. Ethylene
carbonate was then investigated, as there was one environment, with the peak around 4.5
ppm (solvent dependent). Initially, the NMR solvent and standard were made to 0.25 M,
meaning that a sample run in 0.5 mL would give 0.125 mmol of the material (1:1 ethylene
carbonate: theoretical yield benzoin). However, due to the 4:1 ratio of relevant protons, the
standard swamped the NMR spectra, and so this was reduced to 3.13 x 10-2 mmol, thereby
giving 1:1 of the relevant protons.
The samples initially were made up by dissolving the crude reaction material in CDCl3,
and filtering out the solid inorganic bases before running the NMR spectrum. However, even
when benzoin peaks could be detected by TLC, no benzoin peak was found in the 1H NMR
spectrum, raising questions of solubility. The reactions were re-dried and taken up in CH3OD
due to the increased polarity, but the same problem arose. Due to this, it was decided that the
reactions were to be repeated, and the reaction mixtures worked up before quantitative NMR
analysis.
Working up the Reactions
The volatile solvents were removed under a flow of N2. The crude material was taken up
in H2O (5 mL), and the product extracted with Et2O (2 x 5 mL). The organic layer was
washed with brine (5 mL), dried (MgSO4) and the volatile solvent removed under a stream of
N2. This material was taken up in CD3OD + ethylene carbonate (0.5 mL) and the 1H NMR
spectrum was acquired.
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2.4 Catalyst Testing Conditions
2.4.1 The Benzoin Condensation
To test the catalytic ability of the novel catalysts described in this work, the salts would be
subjected to different conditions to attempt the benzoin condensation. As most catalysts
would only be obtained in small quantities due to multiple step syntheses, an achiral tri-
azolium salt was selected to initially optimise the conditions. Previously synthesised by
Connon and coworkers, the cyclohexyl triazolium salt NHC-46 was used for initial studies.
This is due to the similarity of the backbone to catalysts in this work. The starting point
chosen was the conditions used by Waser in testing his H-bonding catalyst, as this had been
proven to work and gave reasonable yields [78]. However, the scale was decreased to 0.25
mmol of starting material, so the amount of catalyst used each time would be between 4
and 8 mg, thereby increasing the number of tests which could be performed. As well as
the cyclohexyl catalyst NHC-46, several catalysts synthesised in Chapter 3 were used for
optimisation here. The results are shown in Table 2.3.
Interestingly, the cyclohexyl catalyst did not fare well in these conditions, and only traces
of the desired product were obtained. However, (±)-NHC-47 achieved product with both
bases in THF (Entry 7 8), and the bis(trifluoromethyl) analogue (1R,2R)-NHC-48 achieved
3% of product using Rb2CO3. Based on these results, and in accordance with Waser’s study,
the conditions in Entry 7 were chosen to use for future catalyst testing in this work.
2.4.2 The Intramolecular Stetter Reaction
As discussed in Chapter 1, the intramolecular Stetter reaction is another reaction which is
successfully catalysed by triazolium and thiazolium salts. After the initial discovery by
Sheehan [60], further advances in the field were made by Rovis and coworkers [103]. Stetter
reactions are considerably easier to perform than the benzoin condensation, as the final
product is stable in the reaction conditions, meaning the reaction is irreversible. In this
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Table 2.3 Triazolium catalysts in the benzoin condensation.
Entrya Catalyst Base Solvent Conversionb (%)
1 NHC-46 NEt3 THF trace
2 NHC-46 K2CO3 THF trace
3 NHC-46 Rb2CO3 THF 0
4 NHC-46 Rb2CO3 CH2Cl2 0
5 NHC-46 Rb2CO3 MeCN trace
6 NHC-46 Rb2CO3 PhMe 0
7 (±)-NHC-47 K2CO3 THF 13
8 (±)-NHC-47 Rb2CO3 THF 10
9 (1R,2R)-NHC-48 K2CO3 THF trace
10 (1R,2R)-NHC-48 Rb2CO3 THF 3
aConditions: benzaldehyde (0.25 mmol), solvent (0.25 mL), base (5 mol%, 0.013 mmol), cat.
(5 mol%, 0.013 mmol) under N2 at 25 ºC, 24 h. bMeasured by 1H NMR in CD3OD using
ethylene carbonate as an internal standard.
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case, the product is also easier to form than that of the benzoin condensation, due to the
intramolecular nature.
Due to these advantages, the catalysts synthesised in this work were tested in the in-
tramolecular Stetter reaction. There are many complicating factors in the benzoin condensa-
tion discussed above, and the Stetter reaction can act as a test to ensure that these triazolium
and thiazolium salts actually work as catalysts. By testing these catalysts in the Stetter
reaction, their effectiveness can be investigated without taking reversibility into account,
meaning enough product may be made to accurately obtain ee and ensure there are no intrin-
sic problems with their catalytic activity which may otherwise be hidden by other factors
such as product decomposition.
Although the ee and yields will be obtained to determine the activity and selectivity of
the catalyst, as no existing HPLC separation of ethyl 2-(4-oxochroman-3-yl)acetate has been
reported using the Astec Cellulose chiral column in the literature, there is no immediate
way of being able to tell which enantiomer is the major product. Therefore the absolute
configuration of the major product will not be assigned in this work.
The conditions selected for this reaction were optimised by Rovis and coworkers, using
the ethyl ester shown in Fig. 2.16. Studies on the reaction conditions determined that it
was vital to keep the reaction under inert and anhydrous conditions to achieve high ee and
yield. When the reaction was exposed to air, there was significantly reduced conversion,
presumably due to degradation of the catalyst. Importantly, there was also reduction of yield
and ee when water was present in the mixture; Rovis discovered saturating toluene with
water led to 0% yield. Use of ACS grade toluene led to formation of the aldol product in 30%
yield, alongside the desired product. Addition of water scavengers could increase the yield
again, with MgSO4 giving identical yields to dry toluene. However, this was accompanied by
a decrease in ee from 90% to 87% [139]. Due the information from this study, it was decided
to perform the reactions using toluene dried in a still, and exclude air using a vacuum before
backfilling with nitrogen.
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Fig. 2.16 The intramolecular Stetter reaction with conditions optimised by Rovis and cowork-
ers [139].
2.5 Conclusions
Hydrogen-bonding is a useful tool in stereoselective synthesis, and has been successfully
incorporated into many different organocatalysts, including proline in the Hajos-Parrish
reaction [17], and in Jacobsen’s (thio)urea catalyst for the Strecker reaction [25]. Whilst
this has been used previously in conjunction with NHC catalysts [78], no further research
has been reported, despite the good enantioselectivity demonstrated with these catalysts. To
incorporate hydrogen-bonding moieties, commercially available starting materials involving
amines have been chosen, so 1,2-diamine-derived (as per Takemoto [42]), and phenylalanine-
derived structures have been planned for synthesis and investigation.
The most common structural modification to catalysts reported for inducing enantioselec-
tivity is by having more rigid catalyst [72], so a new bicyclic catalyst incorporating (thio)urea
has been designed. Conversely, a more flexible catalyst designed using a 1,4-diamine back-
bone has been designed, to understand how the position of the (thio)urea in relation to the
NHC is important.
Computational methods have been successfully used for helping influence organocatalytic
design and analysis of efficiency. Whilst there is limited software available to this particular
research project, the importance of QM methods in organocatalysis need to be highlighted.
By analysis of Breslow intermediates of these catalysts, approximations can be gathered
of important interactions within the reaction, and lowest energy conformers can be useful
indicators of whether the hydrogen-bonding is likely to be feasible. This can allow for new
design and insights, and therefore pave the way for new catalyst design.
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Initial conditions for the benzoin condensation were optimised, including selection of an
NMR solvent and standard to accurately compare the reactions. Due to available reaction
conditions and comparisons in the literature, the conditions that Waser used (K2CO3 and
THF) were chosen for initial tests of the catalysts. A reliable standard substrate 71 for
the intramolecular Stetter reaction, and corresponding conditions, were chosen for initial
catalytic studies based on existing work by Rovis and coworkers [103].

Chapter 3
1,2-Diamine-Derived Catalysts
3.1 Introduction
(Thio)ureas have demonstrated their extensive use in asymmetric organocatalysis, especially
after the inclusion of a second bifunctional moiety introduced by Takemoto expanded their
catalytic capability [42]. Previous studies helped to influence this design of new bifunctional
triazolium and thiazolium salt catalysts. The 3,5-bis(trifluoro)methylphenyl ring was selected
to optimise studies, as in other catalytic systems this was shown to enhance the hydrogen bond
donating ability to external carbonyls. (±)-trans-1,2,Diaminocyclohexane was selected as the
scaffold, due to the commercial availability of the material, and accessibility to the optically
pure enantiomers either by their purchase or chiral separation, allowing for enantioselective
synthesis.
3.1.1 Synthetic Routes
One of the main advantages of the Takemoto-style backbone is the short synthesis route.
The initial synthesis of Takemoto’s catalyst 110 occurred in several steps [43], with the
main formation of the (thio)urea such as 110 from the corresponding iso(thio)cyanate 109.
However, this requires the use of pre-formed (R,R)-N,N-dimethyl-trans-cyclohexane-1,2-
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diamine. Whilst Takemoto notes any of his materials whose synthesis was unreported had
been purchased from commercial sources, the material is relatively costly, and does not allow
for further functionalisation on this amine, limiting its use in NHC salt synthesis (Fig. 3.1,
green route). Most reported synthetic methodologies of the catalyst 110 require several steps,
making its synthesis time-consuming and not atom-economical. These methods include
ring-opening of an aziridine with chiral resolution [140], preprotection of one amine with
a group such as phthalimide [141] and benzimidate [142]. A more recent synthetic route
described by Berkessell gives Takemoto’s catalyst in two steps, beginning with (thio)urea
112 construction from phenyl chlorothionoformate, and finally installing the two methyl
groups on the primary amine to give 110 [143]. This method is advantageous as it allows
late step functionalisation of the primary amine 112 (Fig. 3.1, purple route).
Fig. 3.1 Various routes to synthesising Takemoto’s catalyst. Green route: original synthesis
reported by Takemoto [43]. Purple route: New route reported by Berkessell involving late
stage dimethylation [143].
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Using a similar method, it was envisioned that the (thio)urea scaffold could be installed
in a first as above, followed by construction of the thiazolium or triazolium salt on the
remaining free amine (Fig. 3.2), as synthesis of NHC salts from primary amines has been
previously reported [85, 144, 145]. As the final catalysts NHC-48 and NHC-50 are salts, the
last step should be to incorporate the NHC functionality. This is due to the likely difficulty of
working with salts, including solubility and purification. Therefore, the (thio)urea moiety
will need to be installed initially. Although this means there is no opportunity for late stage
modification, for example on the aromatic ring, the synthesis of the backbone should be
relatively straightforward in one step, meaning that the modification can be made in the
first step. Both the thiourea and the urea are to be synthesised; for the triazolium NHC-48
and thiazolium salt NHC-50 respectively. Whilst the thiourea catalysts have generally been
reported to be more effective, and so will be the initial starting point for the triazolium salts
here, the oxidation step of the thiazolium salt formation may also oxidise the sulfur of the
thiourea, forming NHC-49. To circumvent this, the urea analogue will be investigated.
3.1.2 Chiral Resolution of (1R,2R)-Cyclohexane-1,2-diamine
Although (1R,2R)-cyclohexane-1,2-diamine 107 is commercially available, due to the optical
purity it is relatively expensive, whereas (±)-trans-1,2-diaminocyclohexane is much cheaper.
Therefore, initial routes to the catalysts were investigated using the racemic trans-diamine
before repeating with the chiral analogue. However, it is possible to obtain the chiral diamine
via chiral resolution, using (L)-tartaric acid 116 as the chiral resolving agent [146] (Fig.
3.3). The reaction was successfully performed on a 0.2 mole scale, giving 83% of the chiral
salt (1R,2R)-117. Washing with aqueous NaOH gave the free base [147]. However, due to
the polarity of the amine 107, extraction from water proved extremely difficult, and so the
maximum yield of the pure diamine obtained after washing was only 31% of the overall
theoretical yield of the chiral product (26% over the two steps).
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Fig. 3.2 Proposed synthetic routes to the triazolium and thiazolium salts from the primary
amine.
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Fig. 3.3 Synthetic route to obtain the (1R,2R)-diamine, and subsequent synthesis of N,N’-
((1R,2R)-cyclohexane-1,2-diyl)bis(3-methylbenzamide). Yield of (1R,2R)-117 is 83% of the
theoretical yield.
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To investigate how successful this method was in obtaining the optically pure diamine, a
chromophore was added so the ee could be determined by HPLC. The trans-1,2-diamine was
reacted with m-toluoyl chloride to afford the bis-substituted product (±)-118 in 69% yield
[148]. Successful separation was achieved via chiral HPLC (Fig. 3.4). This was repeated with
the commercially bought (1R,2R)-diamine to identify the correct peaks. Finally, synthesising
the analogue from the chirally resolved diamine derived from (L)-tartaric acid demonstrated
that the (1R,2R)-enantiomer was obtained in 99% ee. Although effective, due to time
constraints and material waste the commercially available (1R,2R)-diamine was used in
future syntheses.
Fig. 3.4 Chiral HPLC separation of the bis(m-toluoyl) derivative of (a) (±)-trans-cyclohexane-
1,2-diamine, (b) commercially available (1R,2R)-cyclohexane-1,2-diamine, and (c) (1R,2R)-
cyclohexane-1,2-diamine obtained from chiral resolution with (L)-tartaric acid. Conditions:
flow rate 0.6 mL/ min, mobile 5% IPA / hexane at 40 ºC. CSP is Astec Cellulose DMPC.
Measured at 254 nm.
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3.2.1 Synthesis of Thiourea
Fig. 3.5 Routes to synthesising thiourea from 107.
Berkessell reported their new synthesis of Takemoto’s catalyst by generating the thiourea
thionyl from phenyl chlorothionoformate [143]. Although Takemoto’s method used 3,5-
bis(trifluoromethyl)phenylisothiocyanate to generate the thiourea [43], the dimethyl protec-
tion meant the reaction could only occur once, whereas Berkessell reported the reaction of
the isocyanate with the free diamine leading to formation of the bis-thiourea product. Several
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syntheses were therefore considered for the formation of amine 112, to avoid formation of
the bis-thiourea product due to the reactivity of the second free amine. An existing method
demonstrated that 112 could be synthesised directly from (±)-trans-1,2-diaminocyclohexane
107 in high yield, using THF as a solvent [149] (Fig. 3.5 Route B, Method I). However,
when attempted in this work, only the bis-thiourea product 121 was obtained (Fig. 3.6).
The reaction was repeated using a micro-syringe for addition of the isothiocyanate 109, to
decrease drop size and speed to ensure the diamine 107 was always in high excess. However,
the bis-thiourea 121 was still obtained as the main product.
Fig. 3.6 Bis-thiourea by-product.
It was envisioned that mono-protection of the starting diamine 107 could lead to the de-
sired mono-product 112, and an easily cleaved protecting group like Boc would allow
liberation of the desired primary amine afterwards (Fig. 3.5, route A). (±)-trans-1,2-
Diaminocyclohexane 107 required initial protection of one of the amino groups; due to
the C2 symmetry, regioselectivity did not matter, but selectively mono-protecting the diamine
was important. A Boc group was chosen as the procedure is synthetically simple. An initial
Boc-protection method was chosen, reported by Chakraborti and coworkers, due to the use of
water as a reaction solvent, a 1:1 stoichiometry of diamine and the Boc2O, easy purification
and mild conditions [150]. However, both amines ended up with a Boc protecting group
instead. This may be caused by the biphasic layers, as the mono-Boc-protected product is
less soluble in water than the diamine starting material. This leaves it more susceptible to
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reaction with the insoluble Boc-anhydride and therefore leading to double Boc-protection.
Beer and coworkers reported a method using CH2Cl2 as a solvent [151]. The reaction was
not as economically viable, as it required an 8-fold excess of the diamine, which is more
expensive due to the optical purity. However, this reaction was successful and led to the
desired mono-Boc protected product 119 in 54% yield.
Reaction of the Boc-protected amine 119 with the isothiocyanate 109 (Fig. 3.5 Route
B) led to compound 120 but only in 26% yield. However, NMR analysis also determined
an impurity. Initially, NMR was run at room temperature, but due to the bulkiness of the
Boc-group and thiourea, rotamers were observed. Wide peaks obscured the spectra making
identification of the by-product difficult, but running the spectra at high temperature led
to decomposition of the desired product. The by-product was later determined to be bis-
thiourea 121 by HRMS. This was thought to be formed due to some remaining diamine
starting material 107 in with the Boc-protected amine 118, which had not been identified
due to similar 1H NMR spectra. Both products co-eluted due to similar polarities, meaning
separation at this stage was highly difficult. The deprotection step using HCl was progressed;
a polar amine would have a very different Rf value compared to the bis-thiourea 121. The
reaction looked successful by TLC with ninhydrin analysis due to appearance of a spot on
the baseline, but isolation of the product proved difficult and was not progressed at this stage.
An alternative method to synthesise 112 by direct reaction of isothiocycanate 109 with
diaminocyclohexane 107, without any Boc protection was described by Kwiatkowski et al.
[152]. It involved addition of 0.67 equivalents of the isothiocyanate to the amine dissolved
in a large volume of dry CH2Cl2 at 0ºC. The basicity of the primary amine was exploited,
meaning that the product could be extracted using acid and base modification, rather than
having to purify with extremely polar column chromatography. The reaction mixture was
acidified to pH 3, upon which the hydrochloride salt was formed. This was then filtered out,
basified to pH 12, and extracted using CH2Cl2 to afford the pure product 112. This reaction
also worked well with bench CH2Cl2 rather than using anhydrous solvents. The reaction was
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repeatable, giving yields up to 77%, and also worked with the optically pure diamine, so this
method was used going forward.
This reaction also worked with phenyl isothiocyanate 122, in much higher yield, giving
93% of the desired (1R,2R)-thiourea 123 (Fig. 3.7).
Fig. 3.7 Final reaction conditions to synthesise chiral thioureas.
3.2.2 Synthesis of Urea
The same synthesis was applied to form urea using the isocyanate analogue 124. However, a
greater ratio of the bis-product was obtained (90:10 by LCMS), hinting that the reactivity
of the isocyanate was much greater than that of the isothiocyanate, and several repeats of
the reaction only gave a maximum yield of 41% of the urea 113. Alternative methods of
synthesis from the trans-diamine 107 were investigated to try and improve this yield.
As with the isothiocyanate method earlier, mono-Boc-protection of the diamine was
attempted [153]. However, similar issues occur with the reactivity of the diamine – only 54%
yield was obtained, as a large amount of the bis-Boc protected product was formed. Reaction
of the mono-Boc protected diamine (±)-118 with the isocyanate 124 gave the product (±)-125
in 82% yield, and subsequent deprotection gave 76% yield. However, not only did this have
the added disadvantage of being a three-step process, the overall yield of (±)-113 was 34%,
which is lower than that of the direct method.
An alternative method using 4-nitrophenylchloroformate as the urea source was attempted
[154]. The chloride is initially displaced by the 3,5-bis(trifluoromethyl)phenylaniline to
3.2 Synthesis of the Catalysts 95
Fig. 3.8 Different synthetic routes attempted to maximise the yield of the urea product.
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form (±)-126. The 4-nitroaniline is a good leaving group due to the electron withdrawing
group, which is then displaced by the amine. However, the final product (±)-113 did not
form cleanly, only giving a 19% yield.
The final method investigated involved formation of a symmetrical cyclised urea (±)-128
[155]. Reaction of the diamine with diphenylcarbonate means that both amines react to form
the cyclised intermediate, and ring opening with 3,5-bis(trifluoromethyl)phenylaniline can
only form the mono-urea product (±)-113. The first step occurs cleanly in 87% yield, but
due to poor nucleophilicity of the aniline only 12% of the product was formed, giving an
overall 10% yield over two steps.
Fig. 3.9 Final reaction conditions to synthesise chiral ureas.
After exploring all these options, the urea synthesised from the initial 1-step synthesis
using the isocyanate giving 41% yield was chosen for synthesis of the optically pure (1R,2R)
product. The reaction was repeated with phenylisocyanate 129 to generate the phenyl
analogue 130, and this reaction occurred in a similarly low yield of 22% (Fig. 3.9).
3.2.3 Synthesis of the Triazolium Salt
1,2,4-Triazolium salts can be synthesised from primary amines in high yield with the method
described by Connon and coworkers [76]. They synthesised a catalyst using cyclohexylamine
(Fig. 3.10), and so this procedure was to be adapted using the thiourea cyclohexylamine
derivative 112 as the primary amine. The two secondary amines of the thiourea moiety
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should have lower nucleophilicity due to delocalisation of the lone pair into the π-framework,
meaning there should be minimal interference forming side-products in subsequent reactions.
Fig. 3.10 General scheme to show the synthesis of triazolium salt catalysts from primary
amines and oxadiazolium salts, reported by Connon and coworkers [76].
Oxadiazolium salt 132 could be made from commercially available phenylhydrazine in a
two-step process as shown [145] (Fig. 3.11). N,N’-Diformylated phenylhydrazine 131 was
synthesised in 30%, starting from a 50 mmol scale. The mono-formylated product was also
formed, but could be removed by recrystallisation of the desired product from hot ethanol.
131 was stable in air for long periods of time, and could be used after storage for several
months. The cyclisation step was attempted several times, as due to the water sensitivity of
the product, dry solvents and dry glassware had to be used, the product kept under nitrogen,
and used as quickly as possible in the next stage. The product 132 was eventually isolated in
yields up to 83% after washing with dry Et2O, and its structure confirmed by IR spectroscopy,
as instability in NMR solvents meant that it decomposed before it could be characterised.
The 1,2,4-triazolium ring could be synthesised by the same method as Connon and
coworkers, using acetonitrile as the solvent [76]. An achiral catalyst was desired as a
standard to determine whether the thiourea group had any effect on the enantioselectivity.
Connon had already synthesised the cyclohexyl triazolium salt, and so this methodology was
used here to form NHC-51. Interestingly, the iminium intermediate NHC-51-int was not
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Fig. 3.11 Scheme to show the synthetic route to 3-phenyl-1,3,4-oxadiazol-3-ium 132 from
phenylhydrazine.
isolated as reported in the paper, and the cyclisation occurred at room temperature in 70h
to obtain NHC-51 directly in 35% yield (Fig. 3.12). As the methodology had worked for
cyclohexylamine, the procedure was repeated using 112 as the primary amine. This time,
the iminium intermediate NHC-48-int was detected by LCMS (Fig. 3.12), with a small
amount of the cyclised product NHC-48 detected. TLC analysis showed a large number of
by-products, which all very closely eluted. Prolonged heating of the mixture did not lead
to any more of the cyclised compound, nor did further addition of intermediate 132 to the
mixture.
An alternative method using AcOH as a solvent was investigated, as reported by Strand et
al. [145]. The reaction, as reported, did not require molecular sieves, and the product could be
obtained after heating to 110ºC. Upon trying with thiourea 112, the material decomposed at
high temperatures. The procedure was repeated but with a lower temperature of 90ºC. Careful
measurement by LCMS showed that the by-product was still formed over time. However, by
stopping the reaction after 1 hour, the amount of product was maximised. The by-product
was characterised and determined to be N-[3,5-bis(trifluoromethyl)phenyl]formamide NHC-
48-byproduct (Fig. 3.13). At this moment, it is unknown how this by-product is formed,
and this was not investigated further. Isotope labelling of the various starting materials could
potentially help identify where the C=O of the newly formed amide comes from; it is likely
this will be either from the oxadiazolium directly or one of the corresponding intermediates.
This initial synthesis gave the desired (±)-NHC-48 in 3% yield.
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Fig. 3.12 Scheme to show the synthetic route to the final catalysts (±)-NHC-48 and NHC-51
from amine 112 and cyclohexylamine respectively, as per Connon and coworker’s method
[76]. NHC-51-int was not detected by LCMS as reported (m/z 246), but NHC-48-int was
(m/z 532).
Fig. 3.13 By-product NHC-48-byproduct obtained from the reaction to try and obtain the
triazolium salt.
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Optimisation of the triazolium salt formation
Fig. 3.14 Synthetic route to N’-acetyl-N-formylphenylhydrazine.
Due to low yield of the the final catalyst (±)-NHC-48, the reaction conditions were
optimised using cyclohexylamine, to try and improve the yield (Table 3.1). Connon and
coworkers had reported the synthesis of the 5-methyl analogue NHC-52, which they syn-
thesised in an attempt to improve stability [76], so it was investigated in this work. To
form intermediate 133, phenylhydrazine was stirred in CH2Cl2 with dropwise addition of
acetic anhydride to generate the N’-acetylated product in 52% (Fig. 3.14). Similar to the
generation of the unmethylated analogue 131, the precursor 133 was refluxed in formic acid
to synthesise N’-acetyl-N-formylphenylhydrazine 134 in 57% yield. Finally, cyclisation led
to formation of the unstable methylated oxadiazolium salt 135 in quantitative yield. Again,
similar to 132, this could not be analysed by 1H NMR due to its instability.
Cyclohexylamine was used as a model primary amine for the formation of the triazolium
salt. After 2h under the conditions shown in Table 3.1, the formed triazolium salt NHC-51
was purified by addition of Et2O to promote crystallisation, and the pure triazolium salt
filtered off. It was discovered that the factor which made the most significant difference in
yield was lowering the equivalent of the primary amine to 1 equivalent. This was beneficial
as this would lead to a lower waste of the chiral starting amine (Table 3.1, Entry 2). Addition
of a methyl group led to the lowest amount of catalyst being made, and due to the extra step
involved in synthesis, was therefore no longer investigated.
The reaction was repeated using the cyclohexylamine thiourea amine 112, still at 90ºC,
but with a 1:1 ratio of the starting materials (Fig. 3.15). Careful monitoring of the reaction
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Table 3.1 Optimisation of the 1,3,4-triazolium salt formation.
Entry Cy-NH2 (eq) R T (ºC) Yield (%)
1 3.3 H 90 53
2 1 H 110 62
3 3.3 H 110 45
4 3.3 Me 110 32
Fig. 3.15 Synthetic route to the final catalyst using the optimised conditions obtained in Table
3.1.
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by LC/MS to optimise the reaction conditions also occurred, to monitor at what point
degradation of the triazolium salt occurred and generation of the by-product above increased.
After two hours, the reaction was turned off. The reaction mixture was concentrated in vacuo
(although removal of all the acetic acid was not achieved due to the high boiling point). The
crude product was taken up in CH2Cl2, and this was washed with 5M HCl to remove the
acetic acid and starting amine. Elution of the product from silica using 10% MeOH / CH2Cl2
led to isolation of the product (1R,2R)-NHC-48 in 13%. Although still low, enough material
was obtained for testing.
Synthesis of triazolium salt analogues
Similar to the method above, the urea analogue (1R,2R)-NHC-53 was synthesised. This
reaction also formed the decomposition product, and the final product was only obtained
in 5% yield. The phenyl analogues of the cyclohexyl(thio)urea 112 had been synthesised
(123 and 130 for the thiourea and the urea respectively), and were both taken through to
their corresponding final triazolium salt catalyst (Fig. 3.16). The reactions did not appear
to have any by-product forming, as measured by HPLC. This meant the reactions could be
left on for a longer period of time to encourage synthesis of the final product. However,
extended heating did not increase the product any further. Work up varied slightly on these
reactions; the two catalysts appear to be more water soluble, and so washing with 5M HCl
left the product being spread between the aqueous and organic layers. To obtain the final
pure products, the catalysts were purified using column chromatography, eluting with 10%
MeOH/CH2Cl2 to afford the final products (1R,2R)-NHC-54 and (1R,2R)-NHC-55 in yields
of 21% and 15% respectively.
3.2.4 Synthesis of the Thiazolium Salt
The thiazolium salt analogue NHC-50 may also be synthesised from the urea scaffold 113
(Fig. 3.18). By using a method reported by Glorius [156], the primary amine is reacted
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Fig. 3.16 Final synthesis of the triazolium salt catalysts.
Fig. 3.17 Proposed synthetic route to the thiazolium catalyst, based on Glorius’ method [85]
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with CS2 in DMSO using NaOH as a base, before addition of 3-chloro-2-butanone. Once
the ring is formed, refluxing in EtOH and HCl will hopefully give dehydration to form
thiazolin-2-thione 115. Oxidation of the thione using hydrogen peroxide followed by loss of
SO2 is hoped to give the thiazolium ylid, which is protonated to generate the final thiazolium
salt.
Fig. 3.18 Mechanism to form the final thiazolium salt from the starting primary amine.
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Initial attempts led to by-product 136 being formed (Fig. 3.19). This is due to the
1,2-diamine system being in a favourable position to form a stable 5-membered ring. After
some investigation, this appeared to be due to leaving the CS2 to react with the amine for
only 10 minutes. Allowing the reaction to warm up to ambient temperature and stirring for
an hour, the reaction was successful, and gave the product in 25% yield. However, this did
not precipitate out as suggested, perhaps due to traces of DMSO aiding solubility, or the
H-bonding urea forming favourable interactions with the solvent. The crude material was
taken directly through to the oxidation step, and gave the final product NHC-50 in 10% yield.
However, CHN analysis showed a large amount of inorganic impurity, presumed to be excess
NaClO4.
Fig. 3.19 Main by-product obtained in the initial cyclisation reaction.
The reaction was repeated to try and form the optically pure (1R,2R) thiazolin-2-thione
115. However, analysis showed that the final thiazolium salt product (1R,2R)-NHC-50-
Cl (where Cl refers to the counterion being Cl- instead of ClO4-) had been formed. 1H
NMR gave a peak at 8.26 ppm which would correspond to the C-2 proton. Full HMBC
showed that the final product had indeed been formed, without the use of hydrogen peroxide.
Curious to see if the results were reproducible, and to understand where the oxidation was
occurring, the reaction was repeated using cyclohexylamine as the primary amine. However,
the thiazolin-2-thione product precipitated out. Due to this, no further reaction occurred.
As previously discussed, the thiourea analogue of this thiazolium salt should be difficult
to make, as the thiourea may also be oxidised during the oxidation step. Therefore, some
of the starting thiourea 112 was taken through using this method to try and form the final
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thiazolium salt (Fig. 3.20). Interestingly, LCMS showed an m/z which corresponded to the
thiazol-2-thione 136 as the thiourea appeared to have converted into a urea.
Fig. 3.20 Attempt to product the thiazolium chloride salt in one step from 112. The initial
urea product 115 formed with NaOH, and the cyclised product 136 formed with K2CO3.
Disheartened by the result, it was thought that the sodium hydroxide could be acting
as a nucleophile and converting the thiourea to a urea. To investigate this, the conditions
were kept identical, except substituting NaOH for K2CO3. Problems occurred due to the
insolubility of the base, meaning slightly more water had to be added. During the reaction,
the base precipitated out. After the final step of refluxing in acidic EtOH, the products were
purified by column chromatography. This time, the final product appeared to result from
attack of the thiourea by the second amine of the diamine, to form the cyclised product.
Due to these shortcomings, the idea of forming a thiazolium salt from the starting urea was
abandoned. However, enough of the final catalyst (1R,2R)-NHC-50-Cl had been formed to
undertake initial testing with.
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3.2.5 Synthesis of Squaramides
Catalysts incorporating squaramide in place of the (thio)urea were designed to further
investigate the effects of the hydrogen bonding moiety. The primary amine scaffold can
be synthesised in two steps from dimethyl squarate, a commercially available reagent (Fig.
3.21).
Fig. 3.21 Generic synthetic route to squaramide catalysts, ready for conversion to the tria-
zolium or thiazolium salts. R = 4-CF3, 3,5-bis(CF3). R1 = Ph, (C2H4)4
Triazolium Salt Synthesis
The 4-CF3 analogue was initially synthesised, as a catalyst incorporating this functionality
had given marginally higher ee’s compared to the 3,5-bis(CF3) analogue with organocatalysts
in Michael addition reactions [157]. The half-squaramide 139 was formed from stirring
dimethyl squarate 137 and 4-trifluoromethylaniline 138 in methanol (Fig.3.22). Work-up
involved a simple filtration, giving the product in 67% yield. As previous syntheses were
reported with the diamine having groups on the second amine, e.g. with the dimethyl catalyst
[42], initally the reaction was performed with (±)-Boc-1,2-diaminocyclohexane(±)-118. This
reaction proceeded well, with 71% of the product (±)-140 formed, and Boc deprotection gave
the free amine (±)-141 in 77% yield. However, upon reaction with the oxadiazolium 132 to
try and form the final triazolium salt, no product was detected by LCMS. Even upon heating
to 110ºC in acetic acid, the initial squaramide (±)-141 was unable to dissolve. Increasing the
amount of solvent, and addition of DMSO as a co-solvent, did not yield any product.
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Fig. 3.22 Synthetic route to form the triazolium salt with a chiral cyclohexyl backbone and
squaramide moiety.
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An alternative method was proposed, investigating the reaction of the Boc-protected
diamine (±)-119 with the oxadiazolium salt 132 first (Fig. 3.23). It was hypothesised that
once NHC-57 was formed, an acid-catalysed Boc removal followed by SN2 reaction of the
free amine with the half-squaramide would generate the final product NHC-56. With the
bulky triazolium group protecting the amine, it was hoped this would be enough to interrupt
intermolecular H-bonding, allowing the final catalysts to be soluble. There was no reaction
between the oxadiazolium salt and the diamine when attempted, meaning this synthetic route
was unviable.
Fig. 3.23 Attempted synthesis of the triazolium salt from the mono-Boc-protected diamine.
Thiazolium Salt Synthesis
As the squaramide (141 was sparingly soluble in DMSO, enough to obtain NMR spectra,
the route to the thiazolium salt was investigated as this used DMSO as a solvent. The
squaramide was re-synthesised as a single enantiomer, but a method published by Yang and
Du demonstrated that the reaction could occur directly from the (1R,2R)-cyclohexane-1,2-
diamine without prior Boc protection of the free amine 107 [45]. This reaction occurred
in CH2Cl2, and gave the unprotected product (1R,2R)-141 directly in 77%. However, the
attempted synthesis of the corresponding thiazolone-2-thione (1R,2R)-142 did not give the
desired product. A large amount of the starting material was obtained back due to insolubility,
and a crude mixture of various products. The DMSO was difficult to remove, meaning
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column chromatography was ineffective as the by-products were eluted at the same time as
the DMSO. Therefore, no clear analysis could be done to identify the main product, but a
peak was detected by LC/MS giving [M+] = 396. As with the previous syntheses involving
urea, this would correspond with the putative cyclised impurity (1R,2R)-143 (Fig. 3.24),
although no formal characterisation was undertaken to confirm this.
Fig. 3.24 Generic synthetic route to squaramide catalysts, ready for conversion to the tria-
zolium or thiazolium salts. R = 4-CF3, 3,5-bis(CF3). R1 = Ph, (C2H4)4
Investigating Solubility of the Squaramide
An investigation was undertaken to determine why the squaramide 141 was only very
sparingly soluble in most solvents, so the desired catalysts could be synthesised by adapting
the methods. Due to the positioning of the amine and the two carbonyls, it was hypothesised
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that the insolubility may come from intermolecular hydrogen bonding. Searching the
Cambridge Stuctural Database (CSD) for similar structures, several compounds had been
submitted which incoporated squaramides. Although none were identical to the structure
of the synthesised squaramide 141, Gale and coworkers reported the crystal structure of
3,4-bis((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione. As can be seen, the
carbonyls are positioned in such a way that intermolecular hydrogen bonds occur between
these and the N-Hs, at a distance of 1.9 Å (Fig. 3.25). As the squaramide incorporates the
same N-H pendants, and a further NH2, it is possible that this bonding is leading to the
insolubility of the compound.
Fig. 3.25 The crystal structure of 3,4-bis((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-
1,2-dione, obtained by Gale [158]. Obtained through the CSD, reference FAXBEN.
To obtain crystal structures, the crystals have to be dissolved in a solvent before re-
crystallisation, meaning they must be soluble in some solvents. The reaction conditions
for similar compounds were examined to see how the crystals were grown, for further
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insight into potential solvents. An invesigation by Gale and coworkers of 3,4-bis((3,5-
bis(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dithione gave crystal formation from
concentrated DMSO, but it was shown that the thiosquaramide co-crystallised with the sol-
vent due to its carbonyl [159]. This led to abandonment of the thiazolium salt incorporating
squaramide, as any co-crystallisation with DMSO would blocking the squaramide’s use as a
hydrogen-bonding catalyst.
Although the aromatic ring is important in being able to influence the hydrogen bond
strength, and is incorporated in most catalytic examples, variation of this to improve solubility
was briefly investigated. n-Butylamine was used in place of the 4-trifluoromethylaniline in
generation of the half squaramide. However, as this amine is more nucleophilic than the
aniline, the reaction occurred very quickly and led to the di-nbutyl squaramide as the major
product, even when reactions were cooled to below 0ºC.
Variation of the Chiral Scaffold
Variation of the chiral moiety of the squaramide catalyst may lead to a more soluble product.
By using (1R,2R)-(+)-1,2-diphenyl-1,2-ethanediamine (DPEN) for the backbone, the added
steric bulk may be enough to discourage intermolecular hydrogen bonding by providing
more hindrance in between the molecules. Reaction of DPEN (1R,2R)-144 with the half-
squaramide 139 gave the desired compound (1R,2R)-145 in 69% yield (Fig. 3.26). However,
this again was insoluble in AcOH for triazolium salt formation, and DMSO for thiazolium
salt formation. As variations of the solvents, chiral scaffold, synthetic routes and soluble
groups had all been investigated to no avail, efforts were focused elsewhere and squaramides
were no longer investigated as hydrogen bonding groups for these organocatalysts at this
time.
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Fig. 3.26 Attempted synthesis of triazolium and thiazolium catalysts incorporating the
(1R,2R)-DPEN backbone.
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3.3 Catalyst Testing
3.3.1 The Stetter Reaction
As discussed in Chapter 2, the irreversibility of the Stetter reaction provides a good starting
point for initial investigation of the catalytic ability. Although triazolium and thiazolium salts
are already known as effective catalysts in the Stetter reaction, it is unknown whether the
inclusion of hydrogen bonding moieties will have a detrimental effect on the catalyst, for
example inhibiting the base. All of the synthesised catalysts in this chapter were subjected to
the Stetter reaction conditions and the results are shown in Table 3.2.
All of the catalysts tested were effective in the Stetter reaction. NHC-51 (Entry 3) has
been used in previous studies [76]. As can be seen, (1R,2R)-NHC-48 (Entry 1) performed
the best under these conditions. None of the catalysts performed extremely well, although
some product was synthesised with every catalyst, showing that the (thio)ureas do not
cause enough unfavourable interactions to completely inhibit the reaction. There was also
reasonable amounts of enantioselectivity induced in these cases, with the thiazolium salt
(1R,2R)-NHC-50-Cl showing the highest enantioselectivity (54%). As discussed in Chapter
2, it is unlikely that this would be due to attractive hydrogen bonding forces, so it seems the
catalysts have a reasonable amount of steric bulk to allow for influence of stereoselectivity.
Encouraged by these results, all of the catalysts were tested in the benzoin reaction using the
previously optimised conditions.
3.3.2 The Benzoin Condensation
All of the catalysts were subjected to the same conditions optimised in Chapter 2. The results
are collected in Table 3.3.
None of the catalysts achieved high yields in this reaction. Although (1R,2R)-NHC-54
did demonstrate some enantioselectivity in this reaction with 37% ee (Entry 4), this does
not come particularly close to any of the existing literature values reported in Chapter 1
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Table 3.2 Triazolium catalysts in the intramolecular Stetter reaction.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-48 42.1 49
2 (1R,2R)-NHC-50-Cl 27 54c
3 NHC-51 16 0
4 (1R,2R)-NHC-54 11 37
5 (1R,2R)-NHC-55 5 -
aMeasured by NMR. bMeasured by chiral HPLC. cOpposite enantiomer.
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Table 3.3 Triazolium catalysts in the benzoin condensation.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-48 0 -
2 (1R,2R)-NHC-50-Cl trace -
3 NHC-51 trace -
4 (1R,2R)-NHC-54 5 43.6
5 (1R,2R)-NHC-55 1 -
aMeasured by NMR. bMeasured by chiral HPLC.
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for this reaction. Upon examining the 1H NMR spectrum of the crude reaction mixture of
(1R,2R)-NHC-54, it was noted that a small amount of a doublet had appeared in the aromatic
region at 6.60ppm. Studies on the reaction mechanism kinetics by White and Leeper had
indicated this may be explained by the presence of an intermediate [160]. This occurs
from the ortho-protons of the benzaldehyde ring after the initial adduct has been formed
between the carbene and benzaldehyde (before the Breslow intermediate has been formed).
However, this was not formally characterised or confirmed. With this in mind, this structure
was investigated using the computational methods described in Chapter 2. After randomly
sampling conformers, 200 were generated, and all of these underwent energy minimisation.
The lowest energy conformer out of these can be seen in Figure 3.27. Interestingly, one of the
N-H bonds is in close proximity to the O-, at a measured distance of 2.49 Å. It is conceivable
that this interaction is playing a part in the reaction; if this intermediate is being stabilised,
it may be energetically unfavourable to deprotonate the intermediate to form the Breslow
intermediate, therefore stalling the reaction. Further investigation of this would be interesting
and may provide some more insight into the system, but is beyond the scope of available
resources.
3.4 Conclusions
Four new triazolium salt catalysts, and one new thiazolium salt catalyst, were synthesised.
Although the final step to form the triazolium salts do not proceed with high yield, the chiral
starting material is commercially available, and can be obtained from the trans-diamine-
mixture via chiral resolution to reduce the costs further. The synthetic routes are simple and
proceed in three steps overall, meaning that these are time efficient to make. Customisation
of the catalysts in earlier steps is tolerated, meaning different analogues can be synthesised
quickly and easily.
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Fig. 3.27 Local minima of the 1,2-diamine-derived thiourea triazolium salt catalyst after
initial addition into benzaldehyde. Calculated energy = 566.5 kJ mol-1. Measured bond
distance between the H of N-H and O- = 2.49 Å.
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Investigation of a squaramide scaffold demonstrated that the intermediates are highly in-
soluble due to intermolecular H-bonding. Various routes to overcome this were unsuccessful,
and while squaramides remain an interesting, under-utilised moiety in hydrogen bonding
directed organocatalysis, the difficulty in synthesis of the final desired catalysts meant that
efforts were instead focused on the (thio)urea scaffold.
None of the synthesised catalysts performed as highly as previous reports for the benzoin
condensation or the Stetter reaction. One plausible explanation for this is due to intramolecu-
lar hydrogen bonding once the initial addition of the carbene into the carbonyl has occurred.
Further studies including NMR investigations may help to confirm this. There are other
factors which can influence a reaction and have an effect on rate, yield and ee, e.g. solvents
and bases. Therefore it is possible that further optimisation of the reaction conditions may
improve the ability of these triazolium salt catalysts, but their inherent structural problems
due to the proximity of the (thio)urea to the active carbene centre mean that other strategies
will need to be investigated to develop a highly successful enantioselective triazolium salt
organocatalyst.

Chapter 4
1,4-Diamine-Derived Catalysts
4.1 Introduction
Due to their relative steric bulk and versatility, organocatalysts incorporating cyclohexyl
scaffolds have been employed in many areas of asymmetric synthesis, some of which
(such as Takemoto and coworkers [42]) are discussed in Chapter 1. However, with the
1,2-diaminocyclohexyl (thio)urea salts designed in Chapter 3, the 1,2-positioning of the
two amino groups meant that their synthesis was challenging, with the most common side
product being either double-substitution of functional groups such as (thio)urea and Boc, or
intra-molecular reactions forming bicyclic molecules. Modification of this scaffold could
alleviate some of these problems, for example by adding an extra methylene linker between
the cyclohexyl core and the amines. 1,4-Diamines of this type have been used as ligands
in platinum complexes for cytotoxic studies [161], but have had no reported application in
organocatalysis to date.
The extra distance between the (thio)urea and active carbene centre, in combination
with increased free rotation, may reduce the possibility of any intra-molecular H-bonding as
thought with the 1,2-diamine-derived catalysts. If this is the case, the reaction may proceed
further and obtain an increased yield than those catalysts. In addition, if the (thio)urea is
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not bonding in an intramolecular manner in the initial adduct, it is available to potentially
hydrogen bond to a second molecule of benzaldehyde, increasing the ee.
((1R,2R)-cyclohexane-1,2-diyl)dimethanamine 151 is not commercially available, but
has been previously synthesised by Gay et al. using (1R,2R)-cyclohexane-1,2-dicarboxylic
acid 146 as the starting material [161] (Fig. 4.1). The material is only available as a racemic
mixture of the trans-enantiomers, and so chiral resolution must be performed first to obtain
the optically pure (1R,2R) enantiomer. However, the racemic material was used whilst
optimising the synthetic route.
Fig. 4.1 The original route devised by Gay et al. to synthesise the diamine [161].
4.2 Synthesis of the Catalysts 123
4.2 Synthesis of the Catalysts
4.2.1 Synthesis of ((1R,2R)-Cyclohexane-1,2-diyl)dimethanamine
In the route devised by Gay et al., the dicarboxylic acid (±)-146 was converted to the diamine
using a series of functional group transformations, beginning with esterification, allowing
reduction to the diol. This was turned into a good leaving group to allow nucleophilic
substitution by sodium azide. The diazide was then converted into the diamine in one step.
Using this synthetic route as a starting point, several modifications were made here for
ease of synthesis. The initial ester was synthesised by converting the di-carboxylic acid into
the di-acid chloride. Stirring the acid (±)-146 in methanol at room temperature with dropwise
addition of thionyl chloride gave the dimethyl ester product (±)-147 in 100% yield. However,
reduction of the ester to the alcohol (±)-148 using LiAlH4 only gave the diol product in 24%,
due to the coagulation of the aluminium salts hindering the purification process.
An alternative method of synthesising alcohols from carboxylic acids is by the use of
borane. The method is gentle and one-step, using BH3.Me2S as the reagent. A mechanism
for this reduction was proposed by Rzepa [162] is shown below (Fig. 4.2). Addition of the
carboxylic acid to the borane forms an adduct from insertion into the borane empty p-orbital,
giving irreversible evolution of H2 gas. The process is repeated to give the borane ether
product, and quenching by dropwise addition of H2O releases the desired diol (±)-148. The
reaction has fairly reproducible results, giving yields up to 67%. 11B NMR was run on the
product to ensure there was no remaining co-ordination of the borane on the alcohol.
Initially, a methanesulfonyl (mesyl) protecting group was used to protect the diol, as
per the route proposed by Gay et al. previously. Here, the product (±)-149 was synthesised
by stirring the diol (±)-148 in CH2Cl2 with NEt3. Addition of mesyl chloride at -10 ºC
led to the product (±)-149 in only 28% yield. Furthermore, none of the desired diazide
product (±)-150 was obtained when reacted with sodium azide. This may be due to the
sensitivity of the mesyl activating group; traces of water can destroy the group, forming
124 1,4-Diamine-Derived Catalysts
Fig. 4.2 Reduction of carboxylic acid to alcohol using BH3, the mechanism proposed by
Rzepa [162].
by-products unreactive to the diazide. The tosylate protecting group was investigated as an
alternative, as it is tolerant to moisture. The diol (±)-148 was stirred in CH2Cl2 with tosyl
chloride, 4-dimethylaminopyridine (DMAP) and NEt3 with yields of (±)-152 up to 87%
being obtained. Heating this product with sodium azide in DMF at 55ºC afforded the diazide
(±)-150 up to 69% yield, and was repeated successfully over 5 times on a similar scale. (Note
that in Chapter 8, the route to (1R,2R)-150 is reported, which has yields varying slightly
from these.)
For reduction of the diazide to the diamine (±)-151, Gay opted for hydrogenation using
10% Pd/C [161]. However, attempting the method in this work was not straightforward. The
reaction was attempted twice, and each time led to a mixture of products. The conversion of
the diazide to the diamine product was monitored by 1H NMR, by comparing the protons
attached to the methylene carbons in these two compounds (both in CDCl3: 4H, 3.34 ppm for
diazide 150 compared to 2H, 2.80 2H, 2.58 ppm for diamine (±)-151). One of the products
formed in the mixture was the desired diamine (±)-151, but separation was difficult due to
the basicity of the product. The lack of chromophore and low molecular weight meant that
LC/MS was not useful to characterise the by-product, and IR spectroscopy did not offer any
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insight, so reduction using LiAlH4 was attempted. Again this led to a crude mix of products
which could not be separated.
The hydrogenation was attempted for a final time using a reduced quantity of 10% Pd/C
(10% w/w). This reaction worked much more cleanly, giving the product (±)-151 in 79%
yield, and about 90% purity. As previously discussed, purification of the diamine is difficult
by silica gel chromatography, so the material was used crude at this stage. The full optimised
synthesis of the diamine synthesised in this work is summarised below, giving the final
diamine backbone in a 32% yield over 4 steps (Fig. 4.3).
Fig. 4.3 The final optimised synthetic route to ((±)-cyclohexane-trans-1,2-diyl)
dimethanamine synthesised in this work.
4.2.2 Chiral Resolution of the Dicarboxylic Acid
As only the racemic mixture of the (1R,2R) and (1S,2S)-dicarboxylic acid (±)-146 is com-
mercially available, chirally resolution of the two enantiomers to obtain an enantiomerically
pure product is necessary. ((1R,2R)-cyclohexane-1,2-diyl)dimethanamine (1R,2R)-151 was
chosen over the opposite enantiomer, for direct comparison with the (1R,2R)-1,2-diamine
catalysts prepared in Chapter 3. The two enantiomers can easily be separated by forming a
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salt of the desired enantiomer with (R)-methylbenzylamine [163], and recrystallisation from
hot EtOH to improve the diasteromeric excess (Fig. 4.4). After stirring with 1M HCl and
extraction, the desired (1R,2R)-enantiomer (1R,2R)-146 was obtained in 61% yield.
Fig. 4.4 Chiral resolution of (±)-trans-cyclohexyl-1,2-dicarboxylic acid (±)-146 to obtain
((1R,2R)-cyclohexane-1,2-diyl)dimethanamine (1R,2R)-151 [163].
Determination of the Optical Purity
The chiral purity of the resolved dicarboxylic acid (1R,2R)-146 could be determined by
chiral HPLC. However, due to the acidic functional group, tailing of the peaks was observed
(detection at 210 nm), leading to overlap of the enantiomers. Although modifiers can be
added to the solvent to assist with acidic or basic compounds, installation of a chromophore
would be beneficial as this would allow determination of the purity at 254 nm. As this
wavelength is useful for compounds which exhibit π→π* transition (aromatic compounds),
any remaining traces of starting material or (non-aromatic) impurity will not affect the peaks,
leading to a more reliable result. The di-tosylate product (±)-152 was synthesised a few
steps after the chiral resolution, and would appear to solve both chromophore and acidity
issues. This was investigated, and after optimisation satisfactory separation of enantiomers
was obtained using chiral HPLC. Comparing the racemic sample with the chirally resolved
product, it was determined that the dicarboxylic was obtained in 90% ee (Fig 4.5). After
optimising the synthesis above using the racemic dicarboxylic acid, the steps were repeated
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using the enantio-enriched dicarboxylic acid. These gave comparable yields and finally
((1R,2R)-cyclohexane-1,2-diyl)dimethanamine (1R,2R)-151 was obtained.
Fig. 4.5 HPLC data confirming both the optical purity of the chirally resolved cyclohexane-
1,2-diyl)bis(methylene) bis(4-methylbenzenesulfonate). Conditions: flow rate 0.6 mL/
min, mobile 1% IPA / hexane at 40ºC. CSP is Astec Cellulose DMP. Measured at
254nm. (a) Chiral HPLC separation of (±)-trans-cyclohexane-1,2-diyl)bis(methylene) bis(4-
methylbenzenesulfonate) showing two enantiomers, at 17.2 min and 18.1 min. (b) Chiral
HPLC separation of chirally resolved (1R,2R)-cyclohexane-1,2-diyl)bis(methylene) bis(4-
methylbenzenesulfonate), showing formation of the (1R,2R)-product in 90% ee as reported
in the literature.
4.2.3 Synthesis of the Final Catalyst
Fig. 4.6 Synthesis of (1R,2R)-154.
As discussed previously, (1R,2R)-cyclohexane-1,2-diamine (1R,2R)-107 was optimised
to form (thio)ureas in a reasonable yield. This method was taken as a starting point to form the
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Fig. 4.7 Synthesis of the final catalyst, (1R,2R)-NHC-60.
(thio)urea using ((±)-cyclohexane-trans-1,2-diyl)dimethanamine (1R,2R)-151. As the phenyl
thiourea analogue gave a higher yield of the 1,2-diamine catalyst, this was used in place of
the 3,5-bis(trifluoromethyl)phenyl analogue (Fig. 4.6). A crude synthesis was attempted on
a small scale using the mixture of the trans-enantiomers with phenyl isothiocyanate 122,
and analysed by LC/MS; peaks at m/z 412 and 277 were detected, which were thought to
correspond to the bis- and mono- thiourea products respectively. Spurred on by this, the
reaction was repeated using the enantioenriched (ee = 90%) diamine, and purified to obtain
the product (1R,2R)-153. The bis- by-product was not isolated and purified, but the desired
mono- thiourea was obtained in 78% yield.
The oxadiazolium salt 132 was synthesised in the same manner as previously, and reacted
with 1-(((1R,2R)-2-(aminomethyl)cyclohexyl)methyl)-3-phenylthiourea (1R,2R)-154 (Fig.
4.6). Unlike the 1,2-diamine thiourea, the reaction to form the 1,2,4-triazolium salt (1R,2R)-
NHC-60 did not give any degradation into a by-product, meaning this final step was more
efficient, and the reaction could be left on for extended periods of time. Once the reaction
had stalled and no further product was being formed, the reaction was worked up. However,
when the reaction mixture was washed with 5M HCl to remove excess primary amine as
per the synthesis of the triazolium salts in Chapter 3, the final catalyst was detected by TLC
in both the organic layer and the aqueous layer. Due to this, the material was purified by
column chromatography instead (10% MeOH/CH2Cl2). The product co-eluted with one of
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the impurities, which could not be separated, despite optimisation with different solvents.
Eventually, the material was purified by column chromatography three times sequentially
to get the final product clean enough for use. However, due to the low quantity (18 mg, 5%
yield), no clean 13C NMR could be obtained and the catalyst was characterised using other
methods (see Chapter 8 and Appendix 1).
Fig. 4.8 Synthesis of (1R,2R)-154.
Fig. 4.9 Synthesis of the final catalyst, (1R,2R)-NHC-61. This was performed on a small
scale and only monitored by LCMS, rather than isolating and characterising the product.
As a small amount of the 1,4-diamine remained, the reaction using 3,5-bis(trifluoromethyl)
phenyl isothiocyanate 109 was attempted (Fig. 4.8). Not enough of (1R,2R)-154 was ob-
tained to get a full characterisation, but a material which matched by exact mass and 1H
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NMR was obtained. was taken through to the final catalyst as per the route above, and
monitored by LC/MS (Fig. 4.7). Interestingly, a mass for an unknown intermediate was
initially formed and could be detected by LC/MS. The progress of the reaction could be
monitored by loss of this peak, and formation of a new peak corresponding to the product
mass; after the initial peak was lost, no more product was formed, despite both starting
materials remaining. Although the intermediate was not isolated, previous reactions to form
the triazolium salt from primary amines gave an uncyclised intermediate, and so structure
(1R,2R)-155 was proposed (Fig 4.10).
Fig. 4.10 Proposed intermediate formed before the cyclisation to final product. m/z = 560.
Although not enough of catalyst (1R,2R)-NHC-61 was made for a full characterisation
or for testing, this test demonstrates the possibility of different analogues being formed if the
phenyl-substituted catalyst proves to be effective enough to warrant continued investigations.
4.3 Catalyst Testing
4.3.1 The Stetter Reaction
The catalyst (1R,2R)-NHC-60 was tested in the conditions for the Stetter reaction discussed
in Chapter 2 (Table 4.1). After 24h, the yield as determined by 1H NMR as only 4%. Due to
this, the ee could not be determined, as the small amount of product would not be detected
accurately on the HPLC. Although unsuccessful for the Stetter reaction, the catalyst was
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Table 4.1 Triazolium catalysts in the intramolecular Stetter reaction.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-60 4 -
aMeasured by NMR. bMeasured by chiral HPLC. cOpposite enantiomer.
trialled in the benzoin condensation regardless, as other factors may have influenced this low
yield. For example, the Breslow intermediate formed from initial addition into the aldehyde
may be too sterically bulky to allow the cyclisation reaction to occur, in comparison with the
smaller benzaldehyde.
4.3.2 The Benzoin Condensation
As per Chapter 2, the catalyst (1R,2R)-NHC-60 was tested using K2CO3. The catalyst
only achieved 5% yield (Table 4.2). Due to the low yield, the ee could not be accurately
determined using HPLC, so how well this performs as a chiral catalyst is still unknown.
There are several factors which could be attributed to the low yield here. Firstly, because the
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Table 4.2 Triazolium catalysts in the benzoin condensation.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-60 5 -
aMeasured by NMR. bMeasured by chiral HPLC.
catalyst isn’t completely pure, and the by-product was not characterised, it is possible that
this could be inhibiting the reaction. Even a tiny trace of an acidic product could be enough
to partially deactivate the catalysts, leading to a low yield. Secondly, although the catalyst
has increased flexibility, it is plausible that the two extra methylenes may cause unwanted
steric hindrance, blocking the active carbene centre.
4.4 Conclusions
A route was devised for a ((1R,2R)-cyclohexane-1,2-diyl)diamine -derived triazolium salt
catalyst (1R,2R)-NHC-60, starting with chiral resolution of (±)-trans-cyclohexane-1,2-
dicarboxylic acid which was obtained in 90% ee. The catalyst was synthesised in 6 steps,
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going via the C2 symmetric ((1R,2R)-cyclohexane-1,2-diyl)dimethanamine. The phenyl-
thiourea analogue was successfully synthesised in sufficient quantity for catalyst testing,
and a trial run of the 3,5-bis(trifluoromethyl)phenyl analogue attempted to investigate the
tolerance of this catalyst formation. This route also allows for late-stage modification, al-
lowing a range of analogues to potentially be synthesised. The final step led to co-elution
of an aromatic impurity, and the purification of this will require optimisation. Testing of
this catalyst did not achieve high yields in either the intramolecular Stetter reaction or the
benzoin condensation, and due to this no ee could be achieved. Computational studies may
help elucidate why this catalyst has given such a low yield, and further modifications similar
to those in Chapter 3 can be undertaken to influence the acidity of the (thio)urea in future,
such as different aryl groups.

Chapter 5
Phenylalanine-Derived Catalysts
5.1 Introduction
Although much of the discussion in Chapters 1-4 has focused on (thio)urea as the hydrogen-
bonding moiety, amides are also viable alternatives, as reported by Connon and coworkers in
2009 [76]. Still featuring an N-H pendant as the hydrogen bonding moiety, there are many
methods of forming amides, and so this could be a possible synthetically accessible variation
in hydrogen bonding NHC catalysts. Amino acids have been used as organocatalysts in their
own right [164, 165], or as building blocks for more complex ligands [166]. Proline is an
exceptional organocatalyst, as discussed in Chapter 1, and its derivative L-pyroglutamic acid
has also been used for synthesis of NHCs [78]. Therefore, amino acids could be a good
starting point for new catalyst synthesis, allowing incorporation of an amide H-bonding
moiety. This potential backbone was made the subject of investigation to determine whether
these would be a suitable monocyclic scaffold for NHC catalysts.
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Fig. 5.1 Proposed synthetic route to phenylalanine-derived triazolium salt NHC-62. Abbrevi-
ations: dicyclohexylcarbodiimide (DCC) trifluoroacetic acid (TFA).
5.2 Synthesis of the Catalysts
5.2.1 Phenylalanine-Derived Synthesis
L-Boc-phenylalanine 156 was chosen as the model amino acid for this catalyst series due to
the bulky phenyl group, and there was a large quantity of the starting material available in
the lab. The proposed route to the final product NHC-62 (Fig. 5.1) is synthetically viable
in 4 steps from Boc-protected phenylalanine using precedented steps. Initial coupling of
the carboxylic acid with an amine such as aniline gives the amide 157, which after Boc
deprotection gives a primary amine 158 which can be reacted with oxadiazolium salt 132
in a similar way to the previous catalysts as per Connon and coworkers’ method to give the
triazolium salt product NHC-62 [167]. DCC was used as the coupling agent for formation
of the amide 157, and this step worked well with a yield of 63%. Boc deprotection using
TFA afforded quantative yield of 158, but slight impurities were detected in the double
bond region. These impurities could not be removed by column chromatography, and so
the material was taken through crude to the final step. A report by Enyong et al. states
that (S)-2-amino-N,3-diphenylpropanamide is unstable in ambient conditions, and therefore
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recommends storage either as the CF3COO- salt, or in the freezer [168]. The material
was used crude in the attempted synthesis of the triazolium salt NHC-62. However the
reaction was not straightforward and analysis showed a large quantity of by-products which
decomposed on silica, and the final catalyst was not obtained.
The route to the corresponding thiazolium salt NHC-63 was attempted using the material,
as per Glorius and coworkers method [156]. However, by-product 159 was the major product
obtained (Fig. 5.2). This is most likely due to the 1-2-diamine system allowing for optimal
geometry to form a 5-membered ring. Oxidation of the double bond is driven by acidity of
the α-proton and stability of conjugation in the ring. The enolate is easily formed on initial
cyclisation, and oxidation by air allows for the final by-product formation.
Fig. 5.2 Formation of cyclised, achiral by-product 159 which was obtained instead of NHC-
63.
Due to these problems, an alternative method to catalyst NHC-62 was devised (Fig. 5.3).
By late stage incorporation of the amide group, the 1,2-diamine would not be formed until
after the cyclisation of the triazolium ring, therefore avoiding the problem. The methyl ester
161 would be synthesised to protect the carboxylic acid before cyclisation, with would then
be converted to the amide at a later stage.
Esterification of 160 did not go to full conversion. Even after optimisation of the reaction
conditions, the maximum yield of 161 obtained was 56%. Reaction with 3-phenyl-1,3,4-
oxadiazol-3-ium perchlorate 132 in the usual manner afforded the product NHC-64, and due
to the anhydrous conditions there was no hydrolysis of the methyl ester, even after being
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Fig. 5.3 Synthetic route to formation of phenylalanine-derived catalyst NHC-64 performed
in this work.
heated in acetic acid. Although only 2% yield was achieved by precipitation, this was pure
and in sufficient quantity to optimise the later step.
5.3 Catalyst Testing
Although the phenylalanine-derived methyl ester catalyst NHC-64 does not contain a
hydrogen-bonding motif, initial testing of this triazolium salt stage could help to deter-
mine how efficient the chiral material is at encouraging ee from sterics alone. However, the
conditions tested did not afford any benzoin product 4 (Table 5.1).
1H NMR analysis showed that there appeared to be several impurities in the reaction
mixture. An NMR study was undertaken to determine whether the α-proton was being
deprotonated, destroying the chiral centre, as the adjacent ester and triazolium groups in
NHC-64 are electron withdrawing and may stabilise any resulting negative charge formed.
The conditions used in Entry 3 were chosen, due to the solubility of the base, and the
availability of deuterated methanol to run the reaction in. The solvent was increased to 0.5
mL so it could be measured by 1H NMR, with 0.1mL DMSO-d6 added to aid solubility of
the catalyst.
An initial 1H NMR was run of the catalyst NHC-64 in this solvent system to have an
accurate comparison to later time periods once base had been added. However, there was loss
of integration of the α-proton at 5.88 ppm even before adding any base (5.4, (b)), indicating
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Table 5.1 Initial substrate testing of the methyl ester phenylalanine-derived catalyst in the
benzoin condensation.
Entrya NHC-64 (mol%) Solvent Base Conversion (%)b
1 10 CH2Cl2 NEt3 Trace
2 10 THF tBuOK 0
3 10 MeOH NEt3 0
4 10 THF K2CO3 0
aNHC-64 (10 mol%), solvent (0.25 mL), base (100 mol%), N2, 15 min. PhCHO (0.1 mmol),
rt, 24h. bMeasured by 1H NMR.
that there had been deuterium exchange with the solvent. There was still coupling to the
adjacent protons as shown by the doublet of doublets in (J = 6.8, 8.8 Hz). There was also
slight loss of integration of the methyl group, thought to be due to nucleophilic substitution
of the deuterated methanol into the ester.
Furthermore the protons at 3.74 ppm and 3.58 ppm (Fig. 5.4 (c)), which should couple to
this α-proton, now appear as doublets due to only splitting of each other (J = 13.9 Hz), rather
than doublet of doublets as expected.
For comparison, the catalyst NHC-64 was run solely in DMSO-d6 (Fig. 5.5). There was
no loss of integration of the crucial proton at 5.86 ppm (b), due to the lack of exchangeable
deuterium in the solvent. An overlapping doublet of doublets can be seen (J = 7.2 Hz, 8.7
Hz). Finally, the two doublet of doublets expected for the adjacent protons at 3.76 ppm and
3.54 ppm are observed (c), with splittings matching the coupling to the α-proton, and to each
other (J = 14.0 Hz).
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Fig. 5.4 1H NMR spectra of the phenylalanine-derived methyl ester catalyst NHC-64,
with zoom in on the key identifying protons. (a) Full 1H NMR spectra of the catalyst
in MeOD/DMSO-d6 (5/1).(b) Close-up of the α-proton. (c) Close-up of the protons adjacent
to the α-proton.
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Fig. 5.5 1H NMR spectra of the phenylalanine-derived methyl ester catalyst NHC-64, with
zoom in on the key identifying protons. (a) Full 1H NMR spectra of the catalyst in DMSO-d6.
(b) Close-up of the protons adjacent to the α-proton. (c) Close-up of the protons adjacent to
the α-proton.
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5.4 Alternative Scaffold Investigation
As the problem with catalyst NHC-64 occurred from having an acidic proton α-to the
triazolium ring, an alternative catalyst structure was devised (Fig. 5.6). The bifunctionality
of phenylalanine allows for flexible synthetic routes, and utilising the amide instead to form
the cyclised triazolium salt, the primary amine can be turned into a hydrogen-bond donor in
the form of thiourea. By reversing the functional groups in this way compared to the previous
synthesis, and removing the adjacent carbonyl to the α-proton, it is hoped that the proton’s
acidity will be sufficiently modified to avoid deprotonation. The route proposed is based on
steps in catalyst syntheses in Chapter 3, 4 and 6.
Fig. 5.6 Proposed route to an alternative catalyst, NHC-67, starting from phenylalanine.
Only the first two steps were attempted.
The starting material 158 had already been synthesised for NHC-62. Conversion of the
primary amine into the azide 162 worked extremely well, in 69% yield. However, synthesis
of the triazolium salt NHC-65 was unsuccessful, and only starting material was isolated
from the reaction. Despite repeating the reaction with a fresh bottle of Me3OBF4, no product
could be obtained. A possible reason for this is due to the the proximity of the adjacent
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phenyl group. This may promote delocalisation across the amide, meaning that the carbonyl
is not nucleophilic enough to be methylated. Due to this, the final product NHC-66 was no
longer pursued. Although this may be fixed by varying the phenyl ring on the amide to an
aliphatic group, the previous failures and time constraints led to efforts being focused on
alternative catalytic scaffolds.
5.5 Conclusions
Starting from a common phenylalanine core, the synthesis of two new triazolium salt catalysts
were attempted. The methyl ester triazolium salt NHC-64 was shown to be unstable in
methanol and basic conditions. Although the problems associated with intra-molecular
reactions of the 1,2-diamines can be overcome, the acidity of the α-proton when the triazolium
ring is α- to a carbonyl group and therefore loss of chiral centre once the NHC has been
installed mean the molecules are not useful as chiral catalysts. The cyclised products are
encouraged by the stability of double bond formation due to resonance with the phenyl
group, which means it may be plausible to replace phenylalanine with another amino acid,
for example leucine. However, by having the NHC adjacent to the ester or amide, the proton
will still be too acidic to avoid proton exchange in the fundamental basic conditions of
the benzoin condensation. The second triazolium catalyst synthesis that was attempted,
involving triazolium salt formation around the amide, was unsuccessful. Again, this was due
to unfavourable electronics around the amide, meaning that the crucial methylation step could
not take place. Due to these shortcomings, amino acid scaffolds were no longer considered
to be viable building blocks for H-bonding NHC precatalysts.

Chapter 6
Bicyclic Piperidine-Derived Catalysts
6.1 Introduction
Bicyclic triazolium and thiazolium salts have demonstrated superior enantioselectivity over
their less-rigid analogues, and were first reported by Knight and Leeper in 1998 [72]. Since
then, in excess of 40 different bicyclic catalysts have been synthesised, incorporating pyrro-
lidine, oxazolidine and morpholine derived backbones, as discussed in Chapter 2. Whilst
Connon and coworkers have reported several hydrogen-bonding bicyclic triazolium salt
catalysts and their use in the benzoin condensation [77], only Waser and coworkers, to date,
have incorporated (thio)urea as the hydrogen-bonding moiety in these catalysts [78]. To make
the bicyclic triazolium salt catalysts, a simple synthetic route derived from L-pyroglutamic
acid catalysts offers a relatively straightforward route, with a chiral centre pre-installed in a
commercially available starting material. This method also offers late-stage functionalisation
of the bicyclic core, meaning that the group on the (thio)urea can be easily modified and
investigated.
The synthetic route to Waser and coworkers’ bicyclic (thio)urea triazolium salt catalysts
is outlined in Fig 6.1. Initial reduction of the enantiomerically pure L-pyroglutamic acid
gave the alcohol, which was converted to the azide following mesylation of the alcohol
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Fig. 6.1 Waser and coworkers’ synthetic route to bicyclic catalysts incorporating a (thio)urea
functionality. Yields are as reported in the literature [78]
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and SN2 substitution with azide. The bicyclic core was then constructed as per Knight and
Leeper’s method [72]. Hydrogenation of the azide formed the primary amine, which then
reacted with the iso(thio)cyanate to form the (thio)urea, completing the catalysts. Whilst
these catalysts did show promising ee and yields, discussed in Chapter 1, the catalysts had
no further optimisation or applications reported.
Considering other bicyclic cores which could incorporate (thio)urea, there have been no
published NHC precatalysts reported based upon a piperidine scaffold. This is likely due to
synthetic difficulty, as there are few synthetic approaches to optically pure functionalised
piperidines which could be taken through to the bicyclic catalyst. One advantage this catalyst
could offer is futher rigidity; the pyrrolidine-derived catalyst by Waser and coworkers has an
extra methylene between the bicyclic backbone and the (thio)urea, meaning there is an extra
degree of rotation. At this stage, it is unknown whether this rotation enhances the catalytic
ability by allowing more flexibility for bonding with the incoming benzaldehyde molecule, or
allows too much flexibility that a loss of ee is observed. By investigating the piperidine-based
core, the free rotation is minimised, and may act as a useful tool for future design of bicyclic
catalysts.
Fig. 6.2 Structural comparison between the piperidine and pyrrolidine incorporated into the
bicyclic backbone.
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Synthesis of the Catalyst
Attempts to synthesise triazolium salt precatalyst NHC-70 were originally performed by
David Lawrence for his Master’s project. ([169]). (S)-5-Aminopiperidin-2-one 170 was
formed via the hydrochloride salt from optically pure, commercially available L-pyroglutamic
acid 163, which was converted to the azide 171 using a diazotransfer reagent. The rest of
the proposed catalyst synthetic route was as reported by Waser and coworkers [78], which
involves cyclisation onto the amide, deprotection of the azide group and formation of the
(thio)urea.
The route to final catalyst NHC-70 was initially developed by Lawrence and is discussed
in his report (Fig. 6.3). All of the work up until the bicyclic azide NHC-68 had been initially
synthesised by Lawrence. However, there was too little material left to be taken through to
the final product, and insufficient characterisation of the material had been performed, so
the material was resynthesised as part of this project. A brief synthesis undertaken in this
work is outlined below, with any optimisation clearly stated. All of the yields obtained by
Lawrence were at least comparable [169].
In this work, the esterification and reduction of L-pyroglutamic acid 163 to the alcohol
164 gave the product in 87%. Rather than trituration using CH2Cl2 to afford a solid as per
Lawrence’s method, here the product was dried under high vacuum. The alcohol was then
converted to the tosylate 165 in 75%. Boc-protection of the amide afforded the pure product
166 in 91% yield. The azide 167 formation occurred cleanly in 87%, and was used without
further purification. The azide was reduced using Pd/C to give the corresponding amine 168.
When the transamidation step to form the piperidine 169 was initially performed here,
the cyclisation conditions afforded a product lacking the Boc group (Fig. 6.4), which was
not reported by Lawrence. Careful analysis of its HMBC spectrum showed that the Boc
group had simply been cleaved to give 5-aminomethylpyrrolidin-2-one 172, without any
rearrangement of the ring to give tert-butyl-(S)-(6-oxopiperidin-3-yl)carbamate 169. This
may have been due to overheating, or traces of Pd/C remaining. The reaction was repeated,
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Fig. 6.3 Synthetic route reported by Lawrence to the final catalyst [169]. No further synthetic
work was performed by Lawrence past the formation of NHC-68.
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and the amine was purified using a silica column and characterised by 1H and 13C NMR to
determine the Boc group remained at this stage, giving 42% yield of 168. Satisfied that the
product was correct, the material was taken up in MeOH and heated to give the rearranged
product 169 as a yellow crystalline solid in 82% yield.
Fig. 6.4 Removal of the Boc group upon heating.
6.1.1 Diazotransfer Reagent
Background
When the deprotection of tert-butyl-(S)-(6-oxopiperidin-3-yl)carbamate 169 to form the
hydrochloride salt 170 was performed here, the product was achieved in quantitative yield,
but problems occurred at the following diazotransfer step. This method of azide synthesis
from an amine was originally chosen as the azide would need to be attached to a chiral
centre. Use of a diazotransfer reagent could build the azide onto a pre-existing chiral amine,
retaining the stereochemistry, without any inversion which would occur with nucleophilic
attack by azide.
Fig. 6.5 Scheme to show formation of the diazotransfer reagent 174.H2SO4.
The diazotransfer reagent acts as a mild transfer reagent for N2 onto a primary amine.
TfN3 has been used as a diazotransfer reagent since its discovery in 1972 [170]. However, it
suffers from stability problems and is explosive when concentrated, requiring preparations
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of solutions to improve safety and reproducibility [171]. Developments in this area led to
preparation of the new diazotransfer reagent imidazole-1-sulfonyl azide 174 reported in 72%
yield, but this could have problems with being explosive when neat [172]. By preparation of
the HCl salt, the diazo transfer reagent 174.HCl became a solid which was easy to work with
and weigh, and was reported in a relatively good yield of 63%. However, further reports state
that this salt can be explosive, and explosive sulfuryl diazide or hydrazoic acid can by formed
as a by-product (Fig 6.6). Further disadvantages of this method include the generation of
in situ HCl by use of highly corrosive acetyl chloride, and the material must be purified by
column chromatography. Gardiner reported that formation of the H2SO4 salt 174.H2SO4
gave a much more desirable product [173]. This did not explode in their tests, was stable for
periods of over 6 months, and did not form the explosive by-products. However, it must be
noted that 174.H2SO4 violently decomposes at temperatures above 150ºC. The product can
be safely stored in the fridge under N2 for over six months, with no discolouration or loss of
activity.
Use of both the 174 HCl salt and the 174 H2SO4 salt as a diazotransfer reagent has been
reported to work effectively in the diazotransfer reaction, demonstrating utility across a range
of primary amines including sugars, amino acids, and both aliphatic and aromatic amines in
yields up to 92% [172, 173].
Fig. 6.6 Synthesis of the neat diazotransfer reagent and its associated by-products [172].
Synthesis
Although diazotransfer reagent 174.H2SO4 is stable and safer than the alternatives, the
synthesis requires the use of several highly corrosive or explosive materials; sulfuryl chloride,
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imidazole, sodium azide and sulfuric acid. Two methods to synthesise the diazotransfer
reagent were attempted here based on previous reports; these included using dry EtOAc as a
co-solvent in combination with MeCN, or just EtOAc alone [172]. Using a combination of 2:1
EtOAc:MeCN gave 29% yield, but EtOAc alone only gave 36% yield. These yields obtained
here of 174.H2SO4 were much lower than those reported previously, despite following the
procedures to scale. However, the material made here was then combined with pure material
previously synthesised by Lawrence to have enough for later use.
Currently Reported Diazotransfer Mechanism Studies
The main advantage of synthesising an azide from a primary amine is the retention of
stereochemistry. Most reported diazotransfer reactions require a CuII salt catalyst, but use of
ZnII catalysts [171] and even metal-free reactions have been reported [174]. Isotope labelling
studies by Samuelson and coworkers were undertaken to try to gain a better understanding
of the mechanism [175]. 15N and 13C labelled L-valine and L-isoleucine were reacted with
the diazotransfer reagent to give the corresponding azide (Fig 6.7). Analysis of the splitting
pattern of the 13C NMR indicated that the 15N remained in the same position, therefore there
was no cleavage of the C-N bond, which would occur with SN2 substitution.
Fig. 6.7 13C NMR comparing the radiolabelled L-valine (top) and the azide protected L-valine
(bottom). The similar splitting pattern helps to confirm the 15N has remained in position.
Formation of the azide was confirmed using IR spectroscopy. Spectra taken from Samuelson
[175].
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Fig. 6.8 Reaction of L-valine with 15N labelled NaN3 to give a 1:1 ratio of products consistent
with the diazotransfer mechanism.
Further confirmation came from the use of labelled NaN3 that was 15N labelled on one of
the two terminal atoms; two L-valine azide isotopomers were obtained in a 1:1 ratio, which is
consistent with a diazotransfer mechanism (Fig. 6.8). This is consistent with the mechanism
previously proposed by Wong and coworkers using TfN3 and a ZnII catalyst, occuring via a
cyclic tetrazene intermediate [171]. The CuII-catalysed mechanism was therefore proposed
after the NMR studies (Fig. 6.9).
Fig. 6.9 The CuII-catalysed mechanism for the diazotransfer reaction using TFN3 proposed
by Samuelson et al. based on their NMR studies [175] and previous reports by Wong and
coworkers. N = labelled 15N.
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Fig. 6.10 Steps to synthesise the final catalyst NHC-71 from (S)-5-aminopiperidin-2-one
hydrochloride 170 as obtained in this work.
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Final Catalyst Synthesis
Although Lawrence had previously been working towards synthesis of the phenyl analogue
NHC-70, due to the highest ee for the benzoin condensation in this work so far being
obtained with the 3,5-bis(trifluoromethyl)phenyl analogue (1R,2R)-NHC-48 in Chapter 3,
this analogue would be synthesised in this work to give NHC-71 (Fig. 6.10).
To reach the final catalyst NHC-71 here, (S)-5-aminopiperidin-2-one hydrochloride 170
was reacted with the diazotransfer reagent 174.H2SO4. However, when the diazotransfer
reaction was performed here, it did not proceed in high yield, giving only 27% of the product
171. Due to the late stage of this reaction in the synthesis towards the product, it would be
quite difficult to optimise as there was only little material left. Therefore, no optimisation
was investigated here.
Nevertheless, the azide 171 was taken through to the cyclisation step. The initial step of
methylation of the amide with Me3OBF4 to form 175 was left to stir overnight to allow a
higher conversion. Used crude without isolation, this was then reacted with phenylhydrazine
to form 176, which was again not isolated, followed by Me3OBF4 to form NHC-68. Rather
than precipitating the product NHC-68 using acetonitrile and diethyl ether, the crude material
was passed through through a column, giving pure product NHC-68 in 46% yield.
This step was the furthest point Lawrence reached in his synthesis due to a low yield and
time contraints, and so all the further work reported herein is novel. Here, full characterisation
of the cyclised material was performed (1H and 13C NMR, IR, and accurate mass, available
in Chapter 8 and the Appendix). These confirmed the correct desired compound.
The following steps were performed analogous to Waser and coworkers’ synthesis [78].
The azide group of NHC-68 was easily hydrogenated here to give the primary amine NHC-
69 in 89% yield, which was then reacted with the isothiocyanate 120. Monitoring the
reaction using LCMS showed that the reaction did not go to full completion (only around
30%). Although addition of further isothiocyanate 120 did slowly increase the amount of
product formed, purification was difficult due to co-elution of the product with the starting
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material, and eventually only 14 mg (16%) of the final product NHC-71 was obtained after
purification on a silica column with 10% MeOH/CH2Cl2. This low yield may also be due to
reactivity or steric issues; when Waser and co-workers synthesised their pyrrolidine analogue
from the same isothiocyanate, they achieved a similarly low yield of 7% [78].
6.1.2 Synthesis of the Pyrrolidine-Derived Triazolium Salt
As a comparison, Waser and coworkers’ catalyst NHC-74 was also synthesised here following
their procedure (Fig. 6.11) [78]. The (R)-4-(azidomethyl)pyrrolidin-2-one 177 was synthe-
sised by Boc-deprotection of tert-butyl-(R)-4-(azidomethyl)-2-oxopyrrolidine-1-carboxylate
167 in 90% yield. From this, the bicyclic triazolium salt NHC-72 was formed in 22% yield
via intermediates 178 and 179, which were again not isolated. Hydrogenation gave the pri-
mary amine NHC-73 in 49%, and reaction with 3,5-bis(trifluromethyl)phenyl isothiocyanate
109 gave the pure product NHC-74 in 21% yield after washing with chloroform.
6.1.3 Proposed Synthesis of the Opposite Enantiomer
One of the main synthetic challenges of the above route to the novel bicyclic catalyst NHC-71
was the loss of product at the diazotransfer step. A new route, avoiding the need for the
diazotransfer step, was proposed (Fig 6.12). All steps up to formation of tosyl-protected
(S)-5-hydroxypiperidin-2-one 186 are reported in literature. By starting with commercially
available L-glutamic acid 180, diazotisation and cyclisation gives the γ-lactone scaffold
181 [176]. Similar to the previous synthesis using L-pyroglutamic acid, reduction to the
alcohol 182 [177] and conversion to the tosylate 183 [178] provides a good leaving group to
allow formation of the azide 184 [179]. A reported one-pot procedure shows the azide can
undergo hydrogenation to the primary amine [180], and simply stirring the reaction at room
temperature is enough to drive the formation of (S)-5-hydroxypiperidin-2-one 185. This has
shown to be successfully tosylated to form 186 [181]. It is hoped that reaction of 186 with
NaN3 will provide the azido-product (R)-171. Howver, this could lead to complications with
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Fig. 6.11 Synthesis of the pyrrolidine-derived triazolium salt as originally reported by Waser
and coworkers. Yields shown were obtained in this work.
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Fig. 6.12 Proposed synthesis of the triazolium salt catalyst opposite enantiomer from L-
glutamic acid.
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the stereoselectivity. The reaction to form the azide on different materials is well-established,
and has been successfully performed in this work, but this has always been on achiral carbons.
By having the reaction on the chiral centre, it is important that the reaction proceeds via
an SN2 mechanism, leading to inversion of the stereocentre rather than the mixture that
occurs with SN1. SN2 seems more favourable due to the polar aprotic DMF solvent, the
relatively strong nucleophile and a lack of stabilisation of the intermediate carbocation other
than it being a secondary centre [182]. However, studies will need to be undertaken to
confirm this; one possibility would be comparison with the opposite enantiomer synthesised
previously on chiral HPLC. Kinetic studies would also help to confirm the mechanism, as for
an SN2 reaction, the reaction rate is sensitive to both the concentration of the nucleophile
and the reagent, i.e. rate = k [R-OTs] [N3-]. If the azido step is successful in maintaining
high ee, the material can be taken through to the triazolium salt (R)-NHC-68, the azide
group hydrogenated to the primary amine to form (R)-NHC-69, and this reacted with the
iso(thio)cyanate as with the opposite enantiomer to give the final desired catalyst (R)-NHC-
71, where Ar = Ph or 3,5-bis(trifluoromethyl)phenyl. It is unknown whether this route will
obtain higher yields, especially at the azido step, but this route may be a good starting point
for an alternative method to the low-yielding diazotransfer step in the previous method.
6.2 Catalyst Testing
6.2.1 The Stetter Reaction
Both of these catalysts managed to form product in the Stetter reaction (Table 6.1). However,
Waser and coworkers’ catalyst NHC-74 gave a much higher ee of 80% compared to 17%
ee obtained with NHC-71. Comparison of NHC-71 and NHC-74 indicates that whilst the
bicyclic backbone is effective in influencing the stereocentre, it is possible that the free
rotation of the thiourea pendant has contributed to an increase in ee. This indicates that
perhaps the steric bulk of the piperidine is in the wrong place for the Stetter reaction, allowing
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Table 6.1 Triazolium catalysts in the intramolecular Stetter reaction.
Entry Catalyst Yielda (%) eeb (%)
1 NHC-71 26 17
2 NHC-74 11 80
aMeasured by NMR. bMeasured by chiral HPLC.
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for a higher yield but at the expense of lowered stereoselectivity. However, this is a promising
start, and so both catalysts were investigated in the benzoin condensation.
6.2.2 The Benzoin Condensation
Catalysts NHC-71 and NHC-74 were subjected to the same conditions optimised in Chapter
2 (Table 6.2). Surprisingly, the catalyst NHC-71 obtained the highest yield out of all the
catalysts reported in Chapters 3 and 4. However, this came at a cost of ee, and only 5% ee
was obtained. When NHC-74 was used as a comparison, the yields were lower than those
reported by Waser and coworkers with the same catalyst [78], despite the reaction conditions
being kept the same. This may be due to the scale; any trace impurities in atmosphere or
solvent is much more likely to have an effect here, as the scale had been reduced to 25%
of what was previously reported. Regardless, NHC-71 did not perform as effectively as
NHC-74.
To investigate this further, as per Chapter 3 a random sample of conformers of the Breslow
intermediate were generated, and the energies minimised. These computational studies of
the catalyst show that both the steric bulk and the hydrogen-bonding moiety of the thiourea
in NHC-71 are orientated away from the active centre of the calculated local minima of
the Breslow intermediate. This seems reasonable in line with the results, as the centre is
free and open to react with a second molecule of benzaldehyde, giving a higher yield whilst
explaining the low ee.
6.3 Conclusions
A new bicyclic catalyst derived from piperidine incorporating thiourea was synthesised.
After initial optimisation of earlier steps by Lawrence, the final catalyst was synthesised in
sufficient yield for initial tests. The corresponding pyrrolidine-derived catalyst, reported by
Waser and coworkers [78], was also synthesised for comparison. Although the piperidine-
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Table 6.2 Triazolium catalysts in the benzoin condensation.
Entry Catalyst Yielda (%) eeb (%)
1 NHC-71 40 5
2 NHC-74c trace (17) - (90)
aMeasured by NMR. bMeasured by chiral HPLC.
cPreviously tested in literature by Waser and coworkers [78] on a 1 mmol scale, with the
reported values given in parentheses.
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Fig. 6.13 Lowest energy conformation found for the Breslow intermediate from the bicyclic
catalyst NHC-71. Although there was no intramolecular hydrogen bonding detected, the
catalyst may be hindered by the lack of free rotation. Lowest energy conformer points the
active centre in wrong direction from H-bonding. Calculated energy = 284.3 kJ mol-1.
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derived catalyst gave the highest yield of any catalyst tested in this work for the benzoin
condensation at 40%, the ee was barely above that of a racemic catalyst. This shows that
although bicyclic triazolium salts are effective as catalysts, the rigidity and angle of the
(thio)urea needs to be precisely controlled to allow for improvement in ee. The lowest
energy conformer reported above illustrates this. It is unlikely that the (thio)urea group
could be moved into the 2- position on the piperidine ring, as this may then suffer with
deprotonation issues at the chiral centre, like the phenylalanine-derived catalyst NHC-64
reported in Chapter 4. However, further modifications to the scaffold may help increase the
ee in the future.
Chapter 7
Conclusions
The benzoin condensation and related umpolung reactions have been fundamental in organic
synthesis for nearly two centuries. Since the initial discovery in 1832 of the self-condensation
of the simplest aromatic aldehyde [53], the reaction has evolved and expanded in many direc-
tions. From addition of the carbonyl into different functional groups, to heterocycle formation
and cascade reactions, the versatility of this methodology has greatly advanced synthetic
routes in many areas, including agrochemical and pharmaceutical industries. Although the
reaction does have reasonable stereoselective success, there is still room for development
of new catalysts to find quicker and more effective ways of achieving chiral products. To
develop all of these umpolung reactions, there needs to be understanding of the Breslow
intermediate, which has evidence to back up its existence yet has never been unambiguously
identified and characterised. Understanding can come from computational work, but the Bres-
low intermediate and the initial adduct are fundamental to the rational design of new catalysts.
In previous catalyst design, hydrogen-bonding moieties have improved enantioselectivity of
reactions, as evidenced by Jacobsen and coworkers [25]. Even in the benzoin condensation,
hydrogen bonding catalysts induced stereoelectivity [78], but were not further investigated
after the initial report. This work aimed to further investigate hydrogen bonding catalysts in
the benzoin condensation, and provide rationale and understanding into new catalyst design.
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To this extent, four new variations of NHC catalyst were synthesised incorporating hydrogen
bonding, with initial testing in the benzoin condensation and Stetter reaction for investigation
as suitable chiral organocatalysts.
7.1 Synthesis and Testing Conclusions
A summary of all of the tested catalysts for the Stetter reaction and the benzoin condensation
are shown in Tables 7.1 and 7.2 respectively. All of the catalysts were successful in obtaining
quantities of 72 (Table 7.1), with (1R,2R)-NHC-48 performing the best in terms of yield with
the third highest ee (Entry 1). (1R,2R)-NHC-50-Cl interestingly gave the second highest ee
(Entry 2) and favoured formation of the opposite enantiomer compared to the other catalysts.
However, Waser’s original catalyst NHC-74 gave the overall highest ee of 80% (Entry 8).
When comparing the catalysts for the benzoin condensation in Table 7.2, NHC-71 fared
the best in terms of yield (Entry 7), but only at 5% ee. None of the catalysts managed to
synthesise benzoin 4 with an ee comparable to the given literature value of NHC-74 (Entry 7
in parentheses) [78]. Of the new catalysts reported in this work, (1R,2R)-NHC-54 gave the
highest ee of 44%, but only in 5% yield.
7.1.1 1,2-Diamine-Derived Catalysts
Based on initial bifunctional catalysts by Takemoto [42] incorporating a chiral trans-1,2-
cyclohexane-diamine backbone, four new triazolium salt catalysts and one new thiazolium salt
incorporating (thio)urea moieties were synthesised for use in the benzoin condensation (Fig.
7.1). The catalysts, due to the C2 symmetry of the 1,2-diamine backbone, needed significant
optimisation of reaction conditions and routes to form the final product. Bis-functionalisation
of the initial 1,2-diamine was a major problem, which was not easily overcome by mono-
protection with groups such as Boc due to the same problem. Optimisation of the synthesis
with the urea formation showed that it was possible to increase the mono-protection of the
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Table 7.1 Triazolium and thiazolium catalysts tested in the intramolecular Stetter reaction.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-48 42 49
2 (1R,2R)-NHC-50-Cl 27 54c
3 NHC-51 16 0
4 (1R,2R)-NHC-54 11 37
5 (1R,2R)-NHC-55 5 -
6 (1R,2R)-NHC-60 4 -
7 NHC-71 26 17
8 NHC-74 11 80
aMeasured by NMR. bMeasured by chiral HPLC. cOpposite enantiomer.
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Table 7.2 Triazolium and thiazolium catalysts tested in the benzoin condensation.
Entry Catalyst Yielda (%) eeb (%)
1 (1R,2R)-NHC-48 0 -
2 (1R,2R)-NHC-50-Cl trace -
3 NHC-51 trace -
4 (1R,2R)-NHC-54 5 44
5 (1R,2R)-NHC-55 1 -
6 (1R,2R)-NHC-60 5 -
7 NHC-71 40 5
8 NHC-74c trace (17) - (90)
aMeasured by NMR. bMeasured by chiral HPLC.
cPreviously tested in literature by Waser and coworkers [78] on a 1 mmol scale, with the
reported values given in parentheses.
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diamine, but due to attrition over multiple steps, control of direct (thio)urea formation through
temperature and addition speed was the most effective way in time and yield to achieve the
product.
Fig. 7.1 Catalysts synthesised in Chapter 3 based on a chiral 1,2-diamine scaffold.
The triazolium salt synthesis, already known in the literature [77], has its own set
of problems. After some optimisation, the oxadiazolium intermediate could be effectively
synthesised, although it decomposed quickly and had to be identified by infrared spectroscopy.
However, the product was relatively easy to identify by eye due to colour and crystal
change. The oxadiazolium salt could be used in acetic acid to form the triazolium salt
with a range of different primary amines. Again, due to the positioning of the substituents,
degradation with the 1,2-diamine-derived backbone led to a low yield. Careful control of
temperature, and reaction monitoring with LC/MS allowed for maximum yields of product to
be obtained. Variation of the backbone could remedy these problems, and higher conversions
170 Conclusions
were obtained with the phenylalanine-derived catalyst, and the ((1R,2R)-cyclohexane-1,2-
diyl)dimethamine backbone described below.
Optimisation of the thiazolium salt synthesis procedure reported by Glorius [85] allowed
for synthesis of a new salt incorporating a urea moiety. Initial reactions going via the
thiazol-2-thione had several difficulties with purification. Initially, similar problems to above
occurred with the trans-diamine-1,2-cyclohexylamine urea backbone, as an intramolecular
cyclisation could occur, forming a bicyclic (3aR,7aR)-octahydro-2H-benzo[d]imidazole-2-
thione as the major product. Once the 4,5-dimethylthiazole-2(3H)-thione heterocycle had
been constructed, purification was extremely difficult, meaning the intermediate could not be
fully characterised. Interestingly, the final thiazolium salt could also be synthesised directly,
but replication of these conditions did not manage to achieve the same results. Mechanistic
studies on this reaction may provide further insight, but were beyond the scope of the project.
Initial testing of the 1,2-diamine-derived catalysts gave a maximum ee of 54% in the
Stetter reaction, and 44% in the benzoin condensation. Unfortunately, none of the catalysts
gave a yield over 5% in the benzoin condensation, compared to a maximum yield of 42%
in the Stetter reaction. This could be attributed to two factors. Firstly, the reversibility of
the benzoin condensation may have led to attrition of the final product. Finally, preliminary
computational investigations indicated that it was plausible that there was hydrogen bonding
in the intermediate after addition into the initial benzaldehyde, and this stabilisation may
have inhibited the reaction. As discussed in Chapter 2, there are shortcomings with the
computational method as only a number of local minima are found, which may not include
the global minimum, so this would need further confirmation.
7.1.2 1,4-Diamine-Derived Catalysts
After the limited success of the 1,2-diamine system, the relative position of the hydrogen
bonding moiety was investigated using two distinct strategies; extension of the system to a
1,4-diamine scaffold, and restriction of the (thio)urea’s position by use of a fused bicyclic
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backbone, which has had previous success in enantioselective benzoin condensation. Increas-
ing the distance between the active carbene centre and the (thio)urea could be beneficial in
two separate ways. Firstly, it was hoped that synthetically there would be no intramolecular
reactions, as 7-membered ring formation is less favourable than 5-membered rings. In terms
of catalyst testing, a further away (thio)urea may lead to less stabilisation of the initial adduct
and its precursor via hydrogen-bonding, as proposed in Chapter 3.
The 1,4-diamine, however, suffered with its own synthetic challenges. One of the initial
problems comes from isolating the optically pure material. Following the literature procedure,
it is difficult to obtain an accurate ee of the dicarboxylic acid after recrystallisation, due to
problems with tailing on the HPLC and lack of chromophore. The ee can be determined at
the following stage after ditosylation, but by this point it is difficult to correct if washing at
the previous step was not thorough enough. It is challenging to find the balance between
washing enough for optical purity, and not over-washing leading to mass product attrition.
Therefore, the catalyst taken forward in Chapter 4 only had 90% ee, which leads to problems
in determining how effective this is as a catalyst.
Fig. 7.2 The catalyst synthesised, optimised and tested in Chapter 4.
After optimisation, the synthesis of this catalyst did eliminate some of the problems with
the previous catalysts, most notably with an improvement in the final step with the triazolium
salt formation. However, a new set of problems opened up here regarding purification of
the final catalyst, which proved extremely difficult, leading to testing of a slightly impure
catalyst. The catalyst was also not efficient in the benzoin condensation or the Stetter reaction,
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meaning an ee could not be obtained due to the small quantity of product. At this stage,
it is unknown why the catalyst was unsuccessful in this reaction. As previously discussed,
there was some impurity in the final catalyst, which may inhibit the reaction. In addition,
the extra methylene groups may either cause unwanted steric hindrance, or excess rotation
which could lead to unfavourable conformations. Further optimisation of the final catalyst
synthesis is needed to obtain a purer product, and future work would involve performing the
reaction on a larger scale to obtain an ee and further conclude the efficacy of these catalysts.
7.1.3 Phenylalanine-Derived Catalyst
In trying to find synthetically accessible triazolium salt catalysts, a phenylalanine-derived scaf-
fold was investigated. However, this scaffold suffered many problems of its own. Synthesis
of the amide from the carboxylic acid precursor led to a decomposition product which could
not be purified from the desired product. Despite the (S)-2-amino-N,3-diphenylpropanamide
having an amide instead of the 1,2-diamine functionality, this material also suffered from the
same intramolecular cyclisations, which were further stabilised by the conjugated system
formed after oxidation. The combination of these factors led to an alternate synthetic route
being devised, first proceeding by triazolium salt construction followed by introduction of
the amide functionality.
Fig. 7.3 Phenylalanine-derived catalyst NHC-64 synthesised in Chapter 5.
Once the methyl ester catalyst NHC-64, precursor to the final triazolium salt, had been
synthesised (Fig. 7.3), initial testing was undertaken to investigate the suitability of this
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scaffold as an asymmetric catalyst via steric hindrance. However, acidity of the α-proton
of the triazolium salt meant that racemisation of the chiral centre could occur, preventing
the use of these catalysts in enantioselective synthesis. Although variation of the scaffold
may help these catalysts (for example, using leucine may forbid stability by conjugation),
the α-proton will still likely be acidic, and so it is probably not feasible to use these linear
amino acids as a scaffold.
7.1.4 Piperidine-Derived Catalyst
Previous catalysts reported in Chapters 1 and 2 show how the bicyclic scaffold has been
arguably the most important synthetic advance in improving the asymmetric reactions of
triazolium salt catalysts. The catalyst designed and synthesised in Chapter 6 was important
to investigate, as it would offer insight into how positioning and rotation of the hydrogen-
bonding moiety is important in the benzoin condensation. After optimisation of the initial
steps by Lawrence [169], the catalyst NHC-71 was synthesised in 11 steps (Fig. 7.4).
Fig. 7.4 The catalyst synthesised and tested in Chapter 6.
This catalyst suffered with many problems throughout the synthesis; most notably due to
major loss of product at the diazotransfer stage, and difficulty in scale up. There are further
ways to investigate this catalyst, including variation of the aryl group on the (thio)urea,
and the (thio)urea itself. In comparison to Waser’s catalyst, this catalyst did not perform
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anywhere as effectively in the same conditions. Due to this, it appears that the free rotation
is important for this. However, it may be that the hydrogen bonding moiety is just held in
the wrong position, as indicated by the conformer presented in Chapter 6. Although this
was a preliminary investigation into this catalyst, it is important to weigh up the benefits;
the 11 step synthesis is extremely time-consuming, and is difficult to scale larger than 50
mmol, which leads to only traces of final product. This limits the application later on in areas
such as industry, although may still be useful to investigate. This is a catalyst where it is
particularly important to spend time extending computational studies, to truly understand the
effects of flexibility and rotation in these catalysts.
7.2 Future Work
Although the catalysts reported in this work did show some asymmetric induction into the
final products, the yields and ee’s were not comparable to those currently from catalysts
with hydrogen bonding moieties that have been previously reported [77, 78]. However, their
initial findings in conjunction with this reported work show the importance of the intricate
mechanism of this complex system. As discussed in Chapter 2, computational methods have
proven to be a valuable tool in the design of new catalysts, based on steric configurations,
unexpected interactions, and elucidation of lowest energy pathways. While the preliminary
computational work reported here has been useful with steric configurations and potential
detection of intramolecular bonding, comprehensive computational studies could be useful
in providing insight into new catalysts. The study by Dudding and Houk [183] provided
valuable insight into methods for predicting ee in the benzoin condensation; it would be
useful to extend this method to include hydrogen bonding NHC catalysts. A major drawback
of this work is the trial-and-error method, as successfully synthesising final catalysts is time-
intensive, with no guarantee the catalyst will be effective. In particular, the bicyclic catalyst
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took 11 synthetic steps in Chapter 6, and scale-up was ineffective in obtaining significant
amounts of final product, meaning testing was limited.
As well as added insight from computational work, X-ray crystal structures of the catalysts
could provide valuable structural information. It is possible for the hydrogen bonding group
to hydrogen bond to the anion of the catalyst, particularly ClO4-, and this may have an effect
on hydrogen bonding to the final catalyst. Initial crystallisation of NHC-48 discussed in
Chapter 3 was attempted, but due to surprisingly high solubility of the catalyst in even very
apolar solvents, no crystals could be obtained. Due to the low quantities of the other catalysts
synthesised in this work, no attempts were made on these. However, this could provide useful
steric and bonding information in the future once higher quantities of these catalysts are
obtained.
(Thio)ureas, and briefly amides, were used in this work as the hydrogen bonding moieties
for these catalysts. The squaramides did not seem synthetically viable during this project.
Due to their upsurgance in popularity as bifunctional organocatalysts [184], lack of rotation
and increased stability due to resonance, successful incorporation of these into chiral NHC
catalysts still seems like an attractive option. As seen in Chapter 3, the squaramides suffer
from insolubility due to intermolecular bonds between the N-H pendants and the C=O
moieties of the squaramide. However, the synthesis of those catalysts required construction
of the hydrogen-bonding scaffold first before formation of the triazolium salt. Taking a
known successful catalyst, for example Waser’s bicyclic backbone [78], and making the final
step the reaction with the half squaramide/methyl squarate intermediate may increase the
solubility due to lack of intermolecular hydrogen bonding as caused by steric hindrance and
lack of 1,2-diamine stabilisation. This would also allow direct comparison to the existing
backbone with known asymmetric induction, therefore allowing the direct comparison of the
hydrogen bonding moiety.
Although some modifications of the catalysts have been investigated here, one moiety
which did not undergo variation was the N-phenyl on the triazolium ring. As reported in
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Fig. 7.5 Variations of the Ph groups, represented in the aminoindane-based triazolium
catalysts collated by Rovis and coworkers [108]. The modifications were reported by: Rovis
and coworkers at the para- position [185]; N-mesityl by Bode and coworkers [186]; 3,5-
bis(trifluoromethyl) subsitution by Suzuki and coworkers [187]; ortho- substitution by Rovis
and coworkers [188], and Scheidt and coworkers [189]; and 2,4,6-trihalide substitution by
Rovis and coworkers [190].
Chapter 2, common variations include using the N-mesityl or N-pentafluorophenyl groups,
amongst others collated by Rovis and coworkers [108] (Fig. 7.5). These different aryl groups
have demonstrated a large effect on the ee and yield of the materials. By varying the sterics
and electronics of this ring, more insight into these systems can be gained, and a picture
of how to better design these catalysts in the future. This is a simple modification which
could have a significant effect, and now that optimised routes have been developed for the
catalysts reported here, it could now be easily incorporated into the final catalysts due to the
commercial availability of many phenylhydrazine derivatives.
Finally, the effects of reaction conditions need to be more thoroughly investigated. The
catalysts synthesised and investigated here currently do not achieve high yield or ee in the
conditions investigated. However, with exception of the cyclohexane-1,2-diamine-derived
catalysts, these catalysts have only had a preliminary test in the benzoin condensation and
Stetter reactions. As discussed in Chapter 1, the catalysts synthesised and tested by Waser
and coworkers managed to achieve a maximum ee of 90% and a yield of 85% [78]. However,
investigation of different bases and solvents with the catalysts here could completely change
their effectiveness. Further factors such as temperature could also be investigated. With the
optimised synthesis routes to the final catalysts presented in this work, these catalysts can be
made in a much shorter period of time, and further investigation may lead to highly effective
catalysts yet.
Chapter 8
Experimental
8.1 Computational Experimental
All 3D structures of the catalysts and their intermediates were generated from 2D structures in
ChemDraw, using either Avogadro [191] or Frog2 [192]. Conformers were generated using
Mercury [193] conformer generation, with 200 conformers generated, with 20 maximum
unusual torsions and input molecule minimised. The conformers were then loaded back into
Avogadro, and the energy minimised using MMFF94 Force Field, and a steepest descent
algorithm. Relative energies were recorded in kJ mol-1.
8.2 General Experimental
Commercial reagents were obtained from local suppliers Sigma-Aldrich and Alfa Aesar
unless otherwise stated, and used without any further purification. All solvents used were
obtained from dry solvent stills, with the exception of 1,4-dioxane, which was supplied in
a dry SureSeal bottle by Sigma-Aldrich. Any glassware which was oven-dried has been
specified in the experimental. Unless otherwise specified, all 1H NMR samples were ran
at room temperature (25 °C) on a Bruker Avance NMR spectrometer at 400 MHz, and
13C NMRs ran at 100 MHz, using Wilmad 528PP tubes. All signals reported are in ppm,
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compared to standardised internal solvent peaks, as described by Gottleib et al. in 1997
[194]. Internal solvent peaks are as follows in ppm: (1H), 13C: CDCl3 (7.26) 77.2; DMSO-d6
(2.50) 39.5; acetone-d6 (2.05) 29.8; acetonitrile-d3 (1.94) 1.32; methanol-d4 (3.31) 49.0;
D2O (4.79). Melting points were obtained using a thermal melting point apparatus, Reichert
Austria, with samples contained on glass coverslips. CHN analysis was performed by the
Analytical Services, Dept. of Chemistry, University of Cambridge. TLC analysis was
performed on Merck Kieselgel 60 (230-400 mesh) glass-backed plates. UV active spots
were visualised using ultra-violet UV light at 254 nm, and then visualised using potassium
permanganate dip, iodine or ninhydrin spray reagent as appropriate. LC/MS analysis was
performed on a Waters 2795 system, with UV detection at 254 nm, using a Supelco ABZ +
plus column, 3.3 cm x 4.6 mm, with particle size 3 µm. ee was obtained based on separation
by HPLC using an Astec Cellulose DMP chiral column, 5 µm particle size, L × I.D. 25 cm ×
4.6 mm, with isopropanol:hexane as the mobile phase. Individual conditions (times, flow
rates) are reported with the spectra.
8.2.1 Chapter 2: Design and Testing of New Catalysts
Synthesis of Stetter’s Achiral Thiazolium Salt NHC-38 [137]
4-Methyl-5-thiazole ethanol (1 eq, 10 mmol, 1.43 g), benzyl chloride (1 eq, 10 mmol, 1.27
g, 1.15 mL) and MeCN (5 mL) were stirred in a round-bottomed flask. A reflux condenser
was fitted, and the reaction was heated to reflux for 24h. The mixture was allowed to cool to
ambient temperature whilst stirring for a further 48h, in which time the product precipitated
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out. The solid was collected under vacuum filtration, washed using MeCN, and further dried
under reduced pressure to afford the product NHC-38 (2.068 g, 77%, 7.67 mmol) as a pale
peach solid.
1H NMR (DMSO-d6, 400 MHz, δ) 10.19 (s, 1H, H5), 7,48 - 7.39 (m, 3H, H7 or H8, H9),
7.34 - 7.30 (m, 2H, H7 or H8), 5.79 (s, 2H, H6), 3.63 (t, 2H, J = 5.6 Hz, H2), 3.01 (t, 2H, J =
5.6 Hz, H3), 2.35 (s, 3H, H4).
13C NMR (DMSO-d6, 100 MHz, δ) 157.1, 136.3, 133.1, 129.3, 129.0, 128.1, 59.7, 55.8,
29.6, 11.6.
high-resolution mass spectrometry (HRMS) for [M+H]+ Predicted = 234.0953, Ob-
tained = 234.092.
CHN Calculated C 57.88 H 5.98 N 5.19 Obtained C 57.89 H 5.95 N 5.30. Data matches
literature values [137].
Synthesis of Ethyl (E)-4-(2-formylphenoxy)but-2-enoate 71 [195]
Salicylaldehyde (1 eq, 10 mmol, 1.22 g) was suspended in DMF (25 mL) and K2CO3 (1.5 eq,
15 mmol, 2.07 g) added. To this was added a dropwise solution of ethyl-4-bromocrotonate
(75%, 1 eq, 13.3 mmol, 1.63 g) in DMF (5 mL) with stirring. This was stirred for a further
24h. The mixture was poured onto 100 g of ice with stirring. The product was extracted
with Et2O (x3), dried (MgSO4), and the volatile solvent removed. The crude product was
dry-loaded (silica) and purified by column chromatography (20% EtOAc/hexane) to give the
product 71 (744 mg, 3.18 mmol, 32%) as a yellow solid.
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1H NMR (CDCl3, 400 MHz, δ) 10.55 (s, 1H, H10), 7.86 (dd, 1H, J = 1.8, 7.7 Hz, H9),
7.57 - 7.52 (m, 1H, H3), 7.14 - 7.04 (m, 2H, H7/8), 6.94 (d, 1H, J = 8.4 Hz, H6), 6.21 (dt, 1H,
J = 2.0, 15.7 Hz, H4), 4.83 (dd, 2H, J = 2.0 Hz, H5), 4.23 (q, 2H, J = 7.1 Hz, H2), 1.31 (t,
3H, J = 7.1 Hz, H1).
13C NMR (CDCl3, 100 MHz, δ) 189.4, 165.9, 160.3, 141.3, 136.0, 128.9, 125.2, 122.7,
121.6, 112.7, 67.0, 60.9, 13.3.
Fourier-transform Infrared Spectroscopy (FTIR) (νmax cm-1) 2979 (C-H), 2866 (C-H
aldehyde), 1712 (C=O ester), 1684 (C=O aldehyde), 1665 (C=C), 1597 (C=C arom).
[M+Na]+ Obtained 257.0775, Calculated 257.0790.
Rf 0.38 (20% EtOAc/hexane).
General Conditions for the Stetter Reaction [139]
To a 5cm3 round bottomed flask was added the pre-catalyst (20 mol%), and the flask
evacuated/flushed with N2 (x3). Toluene (2.5 mL) was added, and the mixture stirred.
KHDMS in toluene (20 mol%, 50µL) was added, and stirred for 15 minutes. Ethyl (E)-4-
(2-formylphenoxy)but-2-enoate 71 (1 eq, 0.06 mmol, 14 mg) in toluene (1 mL) was added
to the mixture dropwise and stirred at room temperature under N2 for a further 24h. The
volatile solvents were removed under a stream of N2 and passed through a silica plugged
pipette (20% EtOAc/hexane) to give the product ethyl 2-(4-oxochroman-3-yl)acetate 72.
1H NMR (CDCl3, 400 MHz, δ) 7.89 (dd, 1H, J = 1.6, 7.9 Hz, H9), 7.51 - 7.46 (m, 1H,
H7), 7.03 (t, 1H, J = 7.5 Hz, H8), 6.97 (d, 1H, J = 8.6 Hz, H6), 4.60 (dd, 1H, J = 5.3, 11.1
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Hz, H5/5’), 4.30 (t, 1H, J = 11.1 Hz, H4), 4.19 (qd, 2H, J = 2.0, 7.1 Hz, H2), 3.38 - 3.29 (m,
1H, H5/5’), 2.94 (dd, 1H, J = 4.8, 16.9 Hz, H3/3’), 2.42 (dd, 1H, J = 8.1, 16.8 Hz, H3/3’), 1.29
(t, 3H, J = 7.1 Hz, H1).
[M+Na]+ Obtained 257.0793, calculated 257.0790.
Rf = 0.42 (20% EtOAc/hexane). Data matches the literature [139].
HPLC analysis: Astec Cellulose DMP chiral column; 40ºC; 0-40 min; 0.5mL/min;
solvent system: 10/90 isopropanol/hexane; peak 1: 30.9 min, peak 2: 33.5 min.
General Conditions for the Benzoin Condensation [78]
A 1 mM solution of benzaldehyde 3 in solvent was made up. Benzaldehyde (1 mL) was taken
up in CH2Cl2 (50 mL) and washed with NaHCO3 (3x50 mL). The organic layer was dried
(MgSO4) and the volatile solvents removed under reduced pressure. The benzaldehyde was
distilled off using vacuum distillation (T 130-140 ºC, p 23 mbar) to afford the pure product.
This was stored under N2, weighed, and made up into a 1 mM solution with various solvents.
The catalyst (5 mol%) was added to a 1 dram vial with a screw top with the base (5
mol%) and dried in a dessicator overnight. This was removed and put under N2. To this was
added the benzaldehyde solution (0.25 mL, 0.25 mmol benzaldehyde), the vial sealed and
stirred at room temperature for 24 h. In the cases where benzoin was isolated, the solution
was purified on a pipette silica column (elution 20% EtOAc / pet ether) to afford the product
benzoin 4. Data matches a pure sample of commercially available benzoin.
1H NMR (CDCl3, 400 MHz δ) 7.94 – 7.89 (m, 2H, Ar), 7.52 (tt, 1H, J = 1.3, 7.4 Hz,
Ar), 7.39 (app t, 2H, J = 7.7 Hz, Ar), 7.36 – 7.24 (m, 5H, Ar), 5.96 (s, 1H, -CH(OH)-), 4.56
(s, 1H, O-H).
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13C NMR (CDCl3, 100 MHz, δ) 199.3, 139.1, 134.0, 133.6, 129.3, 129.2, 128.8, 128.7,
127.9, 76.3.
FTIR νmax (cm-1) 3377, 1677, 1594, 1577, 1490.
HPLC analysis: Astec Cellulose DMP chiral column; 40ºC; 0-40 min; 0.5mL/min;
solvent system: 10/90 isopropanol/hexane; peak 1: 14.5 min, peak 2: 19.7 min.
8.2.2 Chapter 3: 1,2-Diamine-Derived Catalysts
Chiral resolution of (±)-Trans-1,2-diaminocyclohexane 107
Distilled water (50 mL) was added to a 250 mL Erlenmeyer flask and stirred. L-(+)-Tartartic
acid (0.1 mol, 15 g) was added in one portion. (±)-Trans-1,2-diaminocyclohexane (±)-107
(0.2 mol, 23 g, 24 mL, 1 eq) was added carefully in one portion. A slurry was formed. Glacial
acetic acid (10 mL) was added in one portion and stirred for 3h, giving an exotherm. The
product precipitated, and the reaction was cooled from 60ºC to 0ºC with stirring in an ice
bath for 1 h. This was filtered, and the crude product washed with ice cold water and MeOH.
The product was dried both under reduced pressure on a rotary evaporator followed by a
dessicator, to give the product (1R,2R)-117 (21.45 g, 83%, 0.08 mol) as a white powder. No
data was taken as this will be converted to the free diamine before use. [146].
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Liberation of (1R,2R)-diaminocyclohexane 107 from the chiral tartaric acid salt
The diamine tartaric acid salt (1R,2R)-117 (6.40 g, 24.2 mmol) was dissolved in a mixture of
5M NaOH (4 eq, 19 mL) and CH2Cl2 (19 mL). This was stirred for 1h. The organic layer was
separated, the aqueous layer washed with further CH2Cl2, and the organic layers combined.
This was dried (MgSO4), filtered, and the volatile solvent removed under reduced pressure to
afford (1R,2R)-diaminocyclohexane (1R,2R)-107 (842 mg, 7.50 mmol, 31%). [146]. Data
matches the commercially obtained material. See Chapter 3 for chiral HPLC analysis.
1H NMR (400 MHz, CDCl3, δ) 2.27 - 2.17 (m, 2H, H1), 1.87 - 1.77 (m, 2H, H2/2’), 1.72
- 1.61 (m, 2H, H2/2’), 1.30 - 1.22 (m, 2H, H3/3’), 1.14 - 1.02 (m, 2H, H3/3’).
13C NMR (100 MHz, CDCl3, δ) 57.9, 35.7, 25.6.
FTIR νmax (cm-1) 2919 (N-H), 2853 (C-H), 1585 (N-H scissoring), 1447 (CH2 deforma-
tion).
HRMS for [M+H]+ Obtained 235.0759, required 235.0735.
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Synthesis of N,N’-((1R,2R)-cyclohexane-1,2-diyl)bis(3-methylbenzamide) 118
(±)-Trans-1,2-diaminocyclohexane (1 eq, 114 mg, 1.0 mmol, 0.12 mL) was stirred in CH2Cl2
(10 mL) and NEt3 (6 eq, 6 mmol, 607 mg, 0.84 mL) added. This was cooled to -10ºC, and
m-toluoyl chloride (2.1 eq, 155 mg, 0.13 mL) added dropwise. The reaction was warmed
to ambient temperature and stirred for 24h. The reaction was quenched with brine, and the
product extracted with CH2Cl2. The organic layer was dried (MgSO4) and pre-loaded onto
silica before purifying by column chromatography (elution 50% EtOAc/hexane) to afford the
product 118 (242 mg, 0.69 mmol, 69%) as a white powder [146].
1H NMR (CDCl3, 400 MHz, δ) 7.58 (s, 2H, H4), 7.56 - 7.52 (m, 2H, H5), 7.28 - 7.23
(m, 4H, H6+7), 6.97 (br s, 2H, N-H), 3.99 - 3.93 (m, 2H, H1), 2.34 (s, 6H, H8), 2.21 - 2.15
(m, 2H, H2/2’), 1.79 - 1.73 (m, 2H, H2/2’), 1.42 - 1.31 (m, 4H, H3,3’).
13C NMR (100 MHz, CDCl3, δ) 168.6, 138.4, 134.4, 132.3, 128.6, 127.9, 124.2,
54.7,32.5, 25.0, 21.5.
HRMS for [M+H]+ Obtained 351.2060, required 351.2073.
FTIR νmax (cm-1) 3290 (N-H), 2924 (C-H), 1631 (Amide C=O), 1584, 1533 (amide II
band).
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Synthesis of 1,1’-((±)-trans-cyclohexane-1,2-diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl)-
thiourea) 121 using THF
1-Isothiocyanato-3,5-bis(trifluoromethyl)benzene 109 (0.37 mL, 2 mmol) was added to a
stirred solution of (±)-trans-cyclohexane-1,2-diamine (±)-107 (0.24 mL, 2 mmol) in dry
THF (6 mL) dropwise at 0 °C. After the reaction mixture was cooled to ambient temperature,
and the resulting solution was stirred for 22h. The solvent was removed and the residue
was purified by a silica gel plug. The major product was 1,1’-((±)-trans-cyclohexane-1,2-
diyl)bis(3-(3,5-bis(trifluoromethyl)phenyl)thiourea) 121 (576 mg, 0.88 mmol, 44%). NMR
is in accordance with the literature [155].
1H NMR (400 MHz,DMSO-d6, δ) 10.12 (s, 2H, N-H), 8.17 (br s, 6H, H4 + N-H
overlapped), 7.70 (s, 2H, H5), 4.34 (br s, 2H, H1), 2.18 (br s, 2H, H2/2’), 1.72 (br s, 2H,
H2/2’), 1.30 (br s, 4H, H3,3’). 13C NMR (100 MHz, DMSO-d6, δ) 180.1, 141.6, 130.2 (q, J
=33 Hz), 122.2, 123.2 (q, J = 271 Hz), 116.2, 56.8, 31.2, 24.2.
Rf 0.40 (20% EtOAc/hex)
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Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)thiourea
112 using CH2Cl2
(1R,2R)-1,2-Diaminocyclohexane (±)-107 (1 eq, 842 mg, 7.50 mmol) was stirred in dry
CH2Cl2 (100 mL) at 0 °C. To this was added a solution of 1-isothiocyanato-3,5- bis(trifluoro-
methyl) benzene 109 (0.67 eq, 1.36 g, 5.00 mmol, 0.92 mL) in dry CH2Cl2 (30 mL) dropwise
over an hour. This was stirred for 2h at 0 °C, the ice bath removed, and stirred at ambient
temperature for a further 24 h. The CH2Cl2 was removed under reduced pressure to give
a yellow oil. The crude material was purified (silica) using 10% MeOH / CH2Cl2. A pure
fraction of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5- bis(trifluoromethyl)phenyl) thiourea 112
(1.49 g, 3.85 mmol, 76%) was obtained as a clear crystalline solid. NMR is in accordance
with the literature [196].
1H NMR (400 MHz, CD3OD, δ) 8.13 (s, 2H, H7), 7.54 (s, 1H, H8), 4.25-4.19 (m,
1H, H1), 2.62-2.59 (m, 1H, H2), 2.04-1.92 (m, 2H, H3/3’/6/6’), 1.70-1.66 (m, 2H, H3/3’/6/6’),
1.35-1.10 (m, 4H, H4,4’,5,5’).
13C NMR (100 MHz, CD3OD, δ) 179.2, 140.6, 129.7, 129.3, 123.4, 121.1, 120.6, 108.8,
60.3, 53.8, 31.7, 29.6, 24.0, 23.9.
HRMS for [M+H]+ Obtained 386.1122, required 386.1126.
FTIR νmax (cm-1) 2925 (sm), 1534 (sm) 1471 (sm) 1380 (m)
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Synthesis of tert-butyl-((±)-trans-2-aminocyclohexyl)carbamate 119
(±)-Trans-1,2-diaminocyclohexane (±)-107 (1.142 g, 1.20 mL, 18 mmol) was stirred in
distilled water (8.5 mL) at room temperature. Di-tert-butyl-dicarbonate (436 mg, 2 mmol)
was dissolved in 1,4-dioxane (3.2 mL) and the solution added dropwise to the diamine.
This was stirred at room temperature for 22 h. The volatile solvents were removed under
reduced pressure, the crude product dissolved in distilled water (6 mL), and the insoluble
bis-substituted product removed by filtration. The product was extracted from water using
CH2Cl2, and the organic layer washed with distilled water. The organic layer was dried
using MgSO4, the solids filtered, and the volatile solvents removed under reduced pressure
to afford tert-butyl-((trans)-2-aminocyclohexyl)carbonate 119 (230 mg, 1.07 mmol, 54%) as
a yellow powder. NMR is in accordance with the literature [197].
1H NMR (400 MHz, CDCl3, δ) 4.43 (br s, 1H, H2), 3.13 (br s, 1H, H1), 2.27 (m, 1H,
H3/3’), 1.97 (m, 2H, N-H), 1.84 (m, 1H, H3/3’), 1.70 (m, 2HH6,6’), 1.42 (s, 9H, H7), 1.33 -
1.00 (m, 4H, H4,4’,5,5’).
13C NMR (100 MHz, CDCl3, δ) 156.3, 67.03, 57.9, 55.9, 35.7, 33.1, 28.5, 25.6, 25.3.
HRMS for [M+H]+ Obtained 215.1758, required 215.1760.
FTIR νmax (cm-1) 3360 (N-H), 3271 (N-H), 2930 (C-H), 1681 (C=O amide), 1598 (N-H
scissoring), 1515 (N-H amide).
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Synthesis of tert-butyl-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclo-
hexyl)carbamate 120
1-isothiocyanato-3,5-bis(trifluoromethyl)benzene 109 (290 mg, 195 µL, 1.07 mmol) was
added via microsyringe to a stirred solution of tert-butyl-((±)-trans-2-aminocyclohexyl)-
carbamate 119 (230 mg, 1.07 mmol) in dry THF (6 mL) slowly and dropwise at 0ºC. This was
cooled to ambient temperature and stirred for 27h. After this time, further 1-isothiocyanato-
3,5-bis(trifluoromethyl)benzene 109 (89 mg, 60 µL, 0.33 mmol) was added dropwise at 0ºC,
heated to 40ºC and stirred for 19h. The reaction was cooled to ambient temperature, and the
volatile solvents removed under reduced pressure. The crude product was purified (silica)
elution 30% EtOAc/ heptane to afford the product as a brown oil. This was dissolved in
Et2O and removed under reduced pressure to give the product (±)-120 as an orange-brown
crystalline solid (135 mg, 0.28 mmol, 26%).
1H NMR (DMSO-d6, 400 MHz, δ) 8.22 (s, 2H, H8), 7.89 (br s, 1H, N-H), 7.73 (s,
1H, H9), 6.83 (br s, 1H, N-H), 4.11 (br s, 1 H, H1), 2.09 (br s, 1H, H2), 1.86-1.76 (m, 2H,
H3,3’,6,6’), 1.69-1.61 (br s, 2H, H3,3’,6,6’), 1.32 (br s, 9H, H7), 1.21-1.04 (m, 4H, H4,4’,5,5’).
13C NMR (DMSO-d6, 100 MHz, δ) 180.2, 156.4, 122.5 (q, J= 563 Hz), 122.3 (q, J = 22
Hz), 78.3, 57.3, 53.5, 32.3, 28.6, 24.5.
HRMS for [M+H]+ Obtained 485.1598, required 485.1572.
Rf 0.38 (20% EtOAc/hex).
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Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl) phenyl)thiourea
123
(1R,2R)-1,2-Diaminocyclohexane 107 (1 eq, 590 mg, 5.17 mmol) was stirred in CH2Cl2 at
0ºC under N2. The flask was fitted with a pressure equalising dropping funnel, and a solution
of phenyl isothiocyanate 122 (0.67 eq, 468 mg, 3.46 mmol, 0.42 mL) in CH2Cl2 (6 mL) was
added dropwise over 15 minutes. The mixture was allowed to warm to ambient temperature,
and stirred for 22 hours. The solution was acidified to pH 3 using 1M HCl, until a precipitate
formed. This was removed via vacuum filtration, and dissolved in 1M NaOH until pH 12 was
reached. The product was extracted using CH2Cl2, dried (MgSO4) and the volatile solvent
removed under reduced pressure to afford the product 123 (799 mg, 3.20 mmol, 93%).
1H NMR (CDCl3, 400 MHz, δ) 7.44 – 7.34 (m, 2H, H7/8), 7.33 – 7.21 (m, 3H, H7/8,9),
6.06 (d, 1H, J = 6.6 Hz, N-H), 4.19 – 3.89 (m, 1H, H1), 2.59 – 2.37 (m, 1H, H2), 2.21 – 2.10
(m, 1H, H6/6’), 1.99 – 1.87 (m, 1H, H3/3’), 1.78 – 1.65 (m, 2H, H3/3’/6/6’), 1.41 – 1.17 (m, 4H,
H4,4’,5,5’).
13C NMR (CDCl3, 100 MHz, δ) 158.7, 129.7, 129.6, 124.4, 123.6, 62.1, 35.0, 32.1, 29.4,
24.9, 24.0.
HRMS for [M+H]+ Obtained 250.1421, required 250.1378.
Rf (10% MeOH/CH2Cl2)
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Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 113
(±)-Trans-1,2-diaminocyclohexane 107 (1.14 g, 1.20 mL, 10 mmol) was stirred in dry CH2Cl2
(135 mL) at 0ºC under N2. A solution of 1-isocyanato-3,5-bis(trifluoromethyl)benzene (1.71
g, 1.16 mL, 6.7 mmol) in dry CH2Cl2 (30 mL) was added dropwise to the amine over an
hour. This was stirred for a further 30 minutes at 0ºC, the ice bath removed, and stirred at
ambient temperature for 66 hours. The solution was acidified to pH 3 using 1M HCl, and
washed with CH2Cl2. The aqueous layer was basified to pH 12, and the desired product
extracted using CH2Cl2. This was dried (MgSO4) and the volatile solvents removed under
reduced pressure to afford the product 113 (1.08 g, 1.92 mmol, 41%).
1H NMR (DMSO-d6, 400 MHz, δ) 9.35 (br s, 1H, N-H), 8.08 (s, 2H, H7), 7.54 (s, 1H,
H8), 6.57 (d, 1H, J = 8.0 Hz, N-H), 4.34 (br s, 2H, NH2), 3.30 - 3.22 (m, 1H, H1), 2.62 -
2.52 (m, 1H, H2), 1.94 - 1.78 (m, 2H, H3/3’/6/6’), 1.72 - 1.56 (m, 2H, H3/3’/6/6’), 1.34 - 1.06
(m, 4H, H4,4’,5,5’).
13C NMR (DMSO-d6, 100 MHz, δ) 154.8, 142.7, 130.6 (q, J = 32.5 Hz), 123.6 (q, J =
283.5 Hz), 117.3, 113.4, 54.3, 54.2, 33.1, 31.9, 24.6, 24.1.
HRMS for [M+H]+ found = 370.1328, required = 370.1354. Data matches the literature
[155].
FTIR νmax (cm-1) 3291 2893 (m) 1668 (C=O) 1551
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Synthesis of tert-butyl-trans-((±)-2-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)cyclohex-
yl) carbamate (±)-125
Tert-butyl-((±)-trans-2-aminocyclohexyl)carbamate 119 (1 eq, 1.030 g, 4.81 mmol) was
dissolved in dry CH2Cl2 (10 mL), put under an N2 atmosphere and cooled to 0 ºC. A solution
of 1-isocyanato-3,5-bis(trifluoromethyl)benzene 124 (1 eq, 4.81 mmol, 0.83 mL, 1.23 g) in
dry CH2Cl2 (1 mL) was added with stirring. The reaction was allowed to warm to ambient
temperature and stirred for 20h. The solid was filtered, and washed with dry Et2O to afford
the product (±)-125 as a white powder (1.839 g, 3.92 mmol, 82%).
1H NMR (DMSO-d6, 400 MHz, δ) 9.26 (br s, 1H, N-H), 8.04 (s, 2H, H8), 7.53 (s, 1H,
H9), 6.73 (d, 1H, J = 8.8 Hz, N-H), 6.16 (d, 1H, J = 8.3 Hz, N-H), 3.44 - 3.34 (m 1H, H1),
3.26 - 3.14 (m, 1H, H2), 1.93 - 1.84 (m, 1H, H6/6’), 1.80 - 1.72 (m, 1H, H3/3’), 1.68 - 1.58
(m, 2H, H3/3’/6/6’), 1.27 (s, 9H, H7), 1.24 - 1.12 (m, 4H, H4,4’,5,5’).
13C NMR (DMSO-d6, 100 MHz, δ) 155.9, 154.7, 142.8, 130.7 (q, J = 32.5 Hz), 123.4
(q, J = 272.5 Hz), 117.2, 113.4, 77.6, 53.7, 53.6, 32.6, 32.0, 28.1, 24.6, 24.5.
CHN calculated C 51.17; H 5.37; N 8.95 Obtained C 51.16; 5.40; 8.93
HRMS for [M+H]+ calculated = 480.1878, observed = 470.1902. Data matches the
literature [152].
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Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 113
via Boc-deprotection of (±)-125
tert-Butyl-((±)-trans-2-(3-(3,5-bis(trifluoromethyl)phenyl) ureido)cyclohexyl)carbamate 125
(1.83 g, 3.90 mmol) was stirred in a solution of trifluoroacetic acid (5 eq, 19.5 mmol, 15
mL) in dry CH2Cl2 (60 mL) at room temperature under an N2 atmosphere for 18h. The
volatile solvents were removed under vacuum, the pH adjusted to pH 10 with 2M NaOH, and
the product extracted using CH2Cl2. The layer was dried (MgSO4) and the volatile solvent
removed under reduced pressure to afford the product 113 (1.10 g, 2.98 mmol, 76%) as a
white powder. Data matches previous synthesis.
Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 113
via 4-nitrophenyl chloroformate
3,5-bis(Trifluoromethyl)aniline (1 eq, 3 mmol, 470 µL) was stirred in CH2Cl2 (9.9 mL) at
room temperature. Pyridine (1.1 eq, 3.3 mmol, 267 µL) was added, followed by 4-nitrophenyl
chloroformate (1 eq, 3 mmol, 605 mg) and the mixture stirred for 5 minutes. A solution
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of (±)-trans-1,2-diaminocyclohexane 107 (3 eq, 9 mmol, 1.08 mL) in CH2Cl2 (3.3 mL)
was added, followed by DIPEA (3 eq, 9 mmol, 1.57 mL), and stirred for 2h. The mixture
was washed with NaHCO3 (x2), brine (x2) and H2O (x2). A precipitate formed which was
filtered out, and the mother liquor was dried (MgSO4), and the volatile solvent removed
under reduced pressure. The crude product was purified using silica column chromatography
(elution 10% MeOH/ CH2Cl2) to afford the pure product (±)-113 (213 mg, 0.58 mmol, 19%).
NMR matches previous.
Synthesis of (3aR,7aR)-octahydro-2H-benzo[d]imidazol-2-one (1R,2R)-128
(1R,2R)-1,2-diaminocyclohexane (1 eq, 314 mg, 2.75 mmol) was dissolved in iso-propanol (3
mL). Diphenyl carbonate (1.1 eq, 648 mg, 3.02 mmol) was added, and the mixture refluxed
at 85ºC for 18h. The mixture was filtered, the solids washed with MeOH, and the volatile
solvents of the filtrate removed under reduced pressure. The crude oil was purified using
silica column chromatography (elution 10% MeOH/CH2Cl2). The solvent was removed
under reduced pressure to afford the product 128 (325 mg, 2.38 mmol, 87%) as a white
powder.
1H NMR (CDCl3, 400 MHz, δ) 4.86 (br s, 2H, N-H), 3.17 - 3.09 (m, 2H, H1), 1.99 -
1.92 (m, 2H, H2,2’), 1.83 - 1.77 (m, 2H, H2,2’) (+ small impurity), 1.50 - 1.30 (m, 4H, H3,3’).
13C NMR (CDCl3, 100 MHz, δ) 165.6, 61.2, 29.6, 24.1.
Rf = 0.43 (10% MeOH/CH2Cl2). Data is in accordance with the literature [155].
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Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 113
via (3aR,7aR)-octahydro-2H-benzo[d]imidazol-2-one (1R,2R)-128
(3aR,7aR)-octahydro-2H-benzo[d]imidazol-2-one 128 (1 eq, 280 mg, 2.0 mmol) was dis-
solved in diglyme (0.5 mL). To this was added 3,5-bis(trifluoromethyl) aniline (1.05 eq, 477
mg, 2.1 mmol, 330 µL) and methanesulfonic acid (0.14 mL), and the solution heated at 120
ºC for 40 minutes. The mixture was left to cool, and H2O (5 mL) was added followed by
NaHCO3 (0.98 g). The product was extracted with EtOAc (x2), dried (MgSO4), and the
volatile solvents removed under reduced pressure. The mixture was dissolved in EtOAc,
acidified to pH 3 using 1M HCl, and the aqueous layer basified to pH 12 using 1M NaOH.
The product was extracted with EtOAc, dried (MgSO4), and the volatile solvents removed
under reduced pressure to afford the product 113 (91 mg, 12%, 0.25 mmol). The data matches
previous.
Synthesis of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 130
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(1R,2R)-1,2-diaminocyclohexane 107 (1 eq, 630 mg, 5.52 mmol) was stirred in CH2Cl2 (50
mL) at 0ºC under N2. The flask was fitted with a pressure equalising dropping funnel, and a
solution of phenyl isocyanate (0.67 eq, 440 mg, 3.70 mmol, 0.40 mL) in CH2Cl2 (10 mL)
added dropwise over 15 minutes. The mixture was allowed to warm to ambient temperature,
and stirred for 20 hours. A precipitate formed, which was removed via filtration. The mother
liquor was acidified to pH 3 using 1M HCl, the layers separated, and 1M NaOH added to
the aqueous layer until pH 12 was reached. The product was extracted using CH2Cl2, dried
(MgSO4) and the volatile solvent removed under reduced pressure to afford the product 130
(186 mg, 0.80 mmol, 22%).
1H NMR (CD3OD, 400 MHz, δ) 7.35 (app d, 2H, J = 7.7 Hz, H8), 7.24 (app t, 2H, J =
7.9 Hz, H8), 6.97 (app t, 1H, J = 7.4 Hz, H7), 3.36 (td, 1H, J = 4.1, 10.6 Hz, H1), 2.46 (td,
1H, J = 3.8, 10.3 Hz, H2), 2.02 - 1.93 (m, 2H, H3/3’/6/6’), 1.78 - 1.69 (m, 2H, H3/3’/6/6’), 1.40
- 1.21 (m, 4H, H4,4’,5,5’).
13C NMR (CD3OD, 100 MHz, δ) 158.3, 140.9, 129.8, 123.4, 120.2, 56.8, 56.2, 34.9,
33.9, 26.3, 25.9. Data matches the literature [155].
HRMS for [M+H]+ Calculated 234.1606 , observed 234.1590.
Rf = (10% MeOH/CH2Cl2).
Synthesis of N,N’-diformyl-N-phenyl hydrazine 132
Phenylhydrazine (5.0 mL, 50.8 mmol) was cooled to 0ºC and stirred. Formic acid (12.0
mL, 318 mmol) was added, turning the solution a crimson colour. This was fitted with a
reflux condenser and the reaction was heated under reflux at 80ºC for 22h. The solution was
allowed to cool to room temperature, and dry Et2O was added and put in the fridge for 48h
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to encourage precipitation. The solid was filtered recrystallised from hot EtOH in 4 batches
to give the product 131 (2.51g, 15.3 mmol, 30%) as shiny off-white powder.
1H NMR (400 MHz, DMSO-d6, δ) 10.80 (s, 1H, N-H), 8.93 (s, 0.1H, H2), 8.80 (s,
0.50H, H2), 8.53 (s, 0.05H, H1), 8.39 (s, 0.40H, H2), 8.29 (s, 0.35H, H1), 8.28 (s, 0.50H,
H1), 8.13 (s, 0.10H, H1), 7.58 - 7.17 (m, 5H, H3,4,5).
13C NMR (100 MHz, DMSO-d6, δ) 163.9, 161.5, 160.0, 159.7, 148.1, 129.6, 129.0,
126.1, 126.0, 121.0, 119.7.
FTIR νmax (cm-1) 3158 (N-H) 2926 (C-H) 1687 (C=O) 1652 (C=O) 1590 (N-H amide)
HRMS for [M+Na]+ Calculated 187.0368, observed 187.0368.
CHN found C 58.62, H 4.86, N 16.87, required C 58.53, H 4.91, N 17.06.
Synthesis of 3-phenyl-1,3,4-oxadiazol-3-ium perchlorate 132
To a dry round-bottomed flask was added N,N’-diformyl-N-phenyl hydrazine 131 (492 mg,
3.00 mmol). This was cooled to 0ºC under an N2 atmosphere, and Ac2 (8.8 eq, 2.50 mL)
added. HClO4 (70%) (0.55 mL, 2.98 mmol) was added dropwise over and stirred for 15
minutes until a solid precipitated. The mixture was vacuum filtered under a stream of N2,
and the solid washed with dry Et2O (2 mL). The material 132 was a white powder (609 mg,
2.48 mmol, 83%).
No 1H NMR or 13C NMR could be obtained due to instability of the compound. The IR
spectra was in accordance with the literature [76].
FTIR νmax (cm-1) 3066, 1691, 1328, 1058, 767, 664.
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Synthesis of N’-phenylacetohydrazide 133
To an oven-dried round-bottomed flask was added phenylhydrazine (3.0 mL, 30.5 mmol),
and placed under an N2 atmosphere. Dry CH2Cl2 (20 mL) was added, stirred and cooled
to 0ºC. NEt3 (2.60 mL, 18.3 mmol) was added via syringe and stirred for 15 minutes. An
oven-dried pressure equalising dropping funnel was fitted, and Ac2O (1.50 mL, 16.2 mmol)
in dry CH2Cl2 (35 mL) added dropwise at 0ºC over 7h. This was allowed to warm to room
temperature and stirred for 62h. The organic layer was washed with 2M NaOH, separated,
dried (MgSO4), and the volatile solvents removed under reduced pressure. The orange solid
was washed with EtOAc to afford 133 as an off-white solid (1.26 g, 8.38 mmol, 52%).
1H NMR (DMSO-d6, 400MHz, δ) 9.59 (0.88H, d, J = 2.3 Hz, N-H), 8.91 (0.12H, s,
N-H) 7.95 (0.12H, s, N-H), 7.63 (0.88H, d, J = 2.3 Hz, N-H), 7.21-7.18 (0.24H, app t,
H2,3,4), 7.15-7.12 (1.76H, app t), 6.77-6.74 (0.36H, app t, H2,3,4), 6.71 - 6.70 (2.64H, m,
H2,3,4), 1.90 (2.64H, s, H1), 1.86 (0.36H, s, H1). Ratio of 0.12 : 0.88 rotamers.
13C NMR (DMSO-d6, 100MHz, δ) 175.2, 169.0, 149.4, 148.8, 129.1, 128.7, 118.9,
118.4, 112.1, 111.5, 20.6, 19.2.
CHN Obtained C 63.88; H 6.67; N 18.77. Required C 63.98; H 6.71; N 18.65.
HRMS for [M+H]+ Obtained 150.0867, requires 150.0871. Data matches the literature
[76].
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Synthesis of N’-formyl-N’-phenylacetohydrazide 134
N’-phenylacetohydrazide 133 (1 eq, 2.61 g, 17.38 mmol) was added to a round-bottomed
flask, and formic acid (2.82 eq, 1.85 mL, 49.01 mmol) was added dropwise at 0ºC. This was
then heated to 50ºC for 24 h. After cooling to room temperature, dry Et2O was added, and
the mixture stored in the fridge overnight to encourage precipitation. The solid was filtered
and washed with dry Et2O. The crude product was recrystallized from hot EtOH to give the
product 134 (1.76 g, 57%, 9.88 mmol) as a white powder.
2 rotamers in a ratio 0.40 : 0.60.
1H NMR (DMSO-d6, 400MHz, δ) 10.95 (s, 0.40 H, H2), 10.52 (s, 0.60 H, H2), 8.79 (s,
0.60 H, N-H), 8.26 (s, 0.40 H, N-H), 7.50 - 7.16 (m, 5 H, H3,4,5), 2.03 (s, 1.20 H, H1), 2.00
(s, 1.80 H, H1).
13C NMR (DMSO-d6, 100MHz, δ) 169.8, 168.3, 164.2, 159.7, 140.9, 139.7, 129.4,
128.8, 125.7, 125.6, 120.7, 119.4, 20.4.
HRMS for [M+H]+ Obtained 179.0829, required 179.0821. Data matches the literature
[76].
Rf = 0.66 (10% MeOH/CH2Cl2)
Synthesis of 5-methyl-3-phenyl-1,3,4-oxadiazol-3-ium perchlorate 135
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To a dry round-bottomed flask was added N’-formyl-N-phenylacetohydrazide 134 (1 eq, 750
mg, 4.20 mmol). This was cooled to 0ºC under an N2 atmosphere, and Ac2O (8.8 eq, 3.45
mL) was added. HClO4 (70%) (0.36 mL, 2.40 mmol) was added dropwise and stirred for 15
minutes. The mixture was vacuum filtered under a stream of N2, and the solid washed with
dry Et2O (1 mL) to afford the product 135 (1 eq, 520 mg, 84%) as a white powder.
Used crude immediately in further steps due to instability.
Synthesis of 4-cyclohexyl-1-phenyl-1H-1,2,4-triazol-4-ium perchlorate NHC-51 using
MeCN
3-phenyl-1,3,4-oxadiazol-3-ium perchlorate 132 (225 mg, 0.91 mmol) and oven-dried 3Å
molecular sieves (270 mg, pellets) were added to an oven dried round bottomed flask. This
was sealed with a Suba-Seal and put under an N2 atmosphere. A solution of dry MeCN
(2.2 mL) and cyclohexylamine (90 mg, 0.11 mL, 0.91 mmol) were added via syringe. This
was stirred for 70 h at room temperature. Dry Et2O (2.0 mL) was added to encourage
precipitation, and the solid filtered under a stream of N2 to afford 4-cyclohexyl-1-phenyl-4H-
1,2,4-triazol-1- ium perchlorate NHC-51 (111 mg, 35%) as a yellow solid. All data was in
accordance with the literature [76].
1H NMR (400 MHz, DMSO-d6, δ) 10.86 (s, 1H, H5/6) 9.54 (s, 1H, H5/6) 7.94 (m, 2H,
H7) 7.68 (m, 3H, H8,9) 4.45 (tt, 1H, J = 3.8, 11.7 Hz, H1) 2.25 (d, 2H, J = 5.5 Hz, H2,2’) 1.96
– 1.62 (m, 5H H2/2’,3/3’/4/4’) 1.53 – 1.33 (m, 2H, H3/3’/4/4’) 1.32 – 1.13 (m, 1H, H3/3’/4/4’).
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13C NMR (100 MHz, DMSO-d6, δ) 144.3, 140.9, 135.6, 130.9, 130.6, 121.1, 58.8, 32.5,
24.8, 24.6.
HRMS for [M+] Obtained 228.1635, required 228.1501.
mp 254ºC (Lit. 248 – 250ºC)
CHN Found: C, 50.2; H = 5.5; N = 12.6. Requires C = 51.3; H = 5.5; N = 12.8).
General synthesis of cyclohexyl-(1,2)-diamine (thio)urea triazolium salts
4-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)-1-phenyl-1H- 1,2,4-
triazol-4-ium perchlorate NHC-48
3-Phenyl-1,3,4-oxadiazol-3-ium perchlorate 132 (1 eq, 571 mg, 2.32 mmol) was added to
an oven-dried round-bottomed flask, and AcOH (1.86 mL) added. 1-((1R,2R)-2-aminocyclohexyl)-
3-(3,5-bis(trifluoromethyl) phenyl)thiourea (1R,2R)-112 (1 eq, 895 mg, 2.32 mmol) was
added, and heated to 80ºC for 1h. The solvents were removed under reduced pressure, the
crude product dissolved in CH2Cl2 and washed with 5M HCl (x3) and the aqueous washed
with CH2Cl2. The organics were combined, dried (MgSO4), filtered, and the volatile solvents
removed under reduced pressure. This was purified by silica column chromatography (elution
10% MeOH/CH2Cl2) to afford the product (1R,2R)-NHC-48 (182 mg, 0.29 mmol, 13%).
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1H NMR (CDCl3, 400 MHz, δ) 11.83 (s, 1H, H10/11), 10.36 (s, 1H, N-H), 9.05 (d, 1H, J
= 9.4 Hz, N-H), 8.85 (s, 1H, H10/11), 7.96 (s, 2H, H7), 7.93 - 7.86 (m, 2H, H12), 7.52 - 7.45
(m, 4H, H9,13,14), 4.94 (qd, 1H, J = 4.0, 10.8 Hz, H1), 4.80 Hz (td, 1H, J = 4.0 Hz, 11.5
Hz, H2), 2.47-2.39 (m, 1H, H3/3’/6/6’), 2.29 - 2.22 (m, 1H, H3/3’/6/6’), 2.16 - 2.07 (m, 1H,
H3/3’/6/6’), 2.04 - 1.99 (m, 1H, H3/3’/6/6’), 1.96 - 1.87 (m, 1H, H4/4’/5/5’), 1.74 - 1.61 (m, 1H,
H4/4’/5/5’), 1.61 - 1.47 (m, 2H, H4/4’/5/5’).
13C NMR (CDCl3, 100 MHz, δ) 181.7, 142.2, 140.8, 140.7, 134.6, 131.6, 131.4, 131.3,
130.5, 123.0, 120.4, 117.8 (q, J = 4.0 Hz), 64.2, 56.3, 31.9, 30.8, 24.6, 24.5.
HRMS for [M]+ Obtained 514.1481, required 514.1495.
FTIR νmax (cm-1) 2921, 1542, 1473, 1382.
Rf 0.35 (10% MeOH/CH2Cl2)
4-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)cyclohexyl)-1-phenyl-1H- 1,2,4-
triazol-4-ium perchlorate NHC-53
3-phenyl-1,3,4-oxadiazol-3-ium perchlorate 132 (2.5 mmol, 615 mg) was added to an
oven-dried round-bottomed flask, and sealed under N2. AcOH (2.0 mL) was added, followed
by 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl) phenyl)urea (1R,2R)-113 (1
eq, 923 mg, 2.5 mmol). This was heated to 110ºC for 2h. The work-up was as previous to
obtain the product (1R,2R)-NHC-53 (32 mg, 5%, 0.13 mmol) as a white powder.
1H NMR (DMSO-d6, 400 MHz, δ) 11.25 (s, 1H, N-H), 9.99 (s, 1H, H10), 9.49 (s, 1H,
H11), 7.88 - 7.38 (m, 2H, H12), 7.79 (s, 2H, H7), 7.69 - 7.30 (m, 3H, H13,14), 7.47 (s, 1HH9),
7.23 (d, 1H, J = 8.5 Hz, N-H), 4.50 - 4.39 (m, 1H, H1), 4.01 - 3.89 (m, 1H, H2), 2.33 - 2.23
(m, 1H, H3/3’), 2.21 - 2.10 (m, 1H, H3/3’/6/6’), 2.08 - 2.00 (m, 1H, H6/6’), 1.95 - 1.80 (m, 2H,
H4/4’/5/5’), 1.59 - 1.49 (m, 1H, H3/3’/6/6’), 1.47 - 1.38 (m, 2H, H4/4’/5/5’).
13C NMR (DMSO-d6, 100 MHz, δ) 154.8, 144.9, 142.0, 141.6, 134.9, 130.7, 130.6,
130.4, 130.1, 123.2 (q, J = 273 Hz), 120.6, 117.1 (m), 63.6, 52.9, 31.4, 30.4, 24.2, 24.0.
HRMS for [M+] Found 498.1745, required 498.1729.
FTIR νmax (cm-1) 3393 (sm), 3123 (sm), 2957 (C-H), 1661 (m), 1584 (m), 1512 (m).
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Rf 0.06 (10% MeOH/CH2Cl2)
1-phenyl-4-((1R,2R)-2-(3-phenylureido)cyclohexyl)-1H-1,2,4-triazol-4-ium perchlo-
rate NHC-54
The reaction to form the product was as above from starting material 123. After turning
the reaction off, the volatile solvents were removed and the mixture purified (silica, 10%
MeOH/CH2Cl2) to afford the pure product (64 mg, 0.14 mmol, 21% yield).
1H NMR (CDCl3, 400 MHz, δ) 10.49 (s, 1H, H10/11), 8.80 (s, 1H, H10/11), 7.68 - 7.61
(m, 2H, H7/8/12/13), 7.47 - 7.36 (m, 3H, H7/8/12/13), 7.11 (app d, 2H, J = 7.8 Hz, H7/8/12/13),
7.05 (app t, 2H, J = 7.8 Hz, H9/14), 6.88 (app t, 1H, J = 7.2 Hz, H9/14), 6.23 (d, 1H, J = 9.3
Hz, N-H), 4.53 (td, 1H, J = 3.6, 11.4 Hz, H1), 4.07 (qd, 1H, J = 3.6, 10.4 Hz, H2), 2.44 -
2.35 (m, 1H, H6/6’), 2.19 - 2.12 (m, 1H, H3/3’), 2.10 - 1.97 (m, 2H, H3/3’/6/6’), 1.95 - 1.88 (m,
1H, H4/4’/5/5’), 1.62 - 1.46 (m, 3H + H2OH4/4’/5/5’).
13C NMR (CDCl3, 100 MHz, δ) 155.4, 142.6, 139.9, 138.7, 134.6, 131.1, 130.3, 128.7,
122.8, 120.8, 119.3, 65.0, 53.0, 32.3, 31.1, 24.7, 24.6.
HRMS for [M]+ Obtained 378.1724, required 378.1752.
FTIR νmax (cm-1) 3379 (N-H), 2934 (C-H), 1670 (C=O), 1596 (C=C), 1540 (N-H
sciossoring), 1497 (C=N).
Rf 0.16 (10% MeOH/CH2Cl2)
1-phenyl-4-((1R,2R)-2-(3-phenylthioureido)cyclohexyl)-1H-1,2,4-triazol-4-ium per-
chlorate NHC-55.
The reaction to form the product was as above from starting material 130. After turning
the reaction off, the volatile solvents were removed and the mixture purified (silica, 10%
MeOH/CH2Cl2) to afford the pure product (51 mg, 0.11 mmol, 15%).
1H NMR (CDCl3, 400 MHz, δ) 10.29 (s, 1H, N-H), 8.78 (s, 1H, H10/11), 8.28 (br s, 1H,
H10/11), 7.78 - 7.71 (m, 2H, H7/8/9/12/13/14), 7.57 - 7.48 (m, 3H, H7/8/9/12/13/14), 7.32 - 7.18
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(m, 5H, H7/8/9/12/13/14), 7.14 - 7.09 (m, 1H, N-H), 4.96 (qd, 1H, J = 3.7, 10.4 Hz, H1), 4.68
(td, 1H, J = 3.7, 11.5 Hz, H2), 2.51 - 2.43 (m, 1H, H6/6’), 2.25 - 2.17 (m, 1H, H3/3’), 2.06 -
1.97 (m, 2H, H3/3’/6/6’), 1.96 - 1.90 (m, 1H, H4/4’/5/5’), 1.71 - 1.48 (m, 3H, + H2O, H4/4’/5/5’).
13C NMR (CDCl3, 100 MHz, δ) 182.1, 142.9, 139.8, 138.1, 134.8, 131.3, 130.5, 128.8,
126.1, 124.9, 121.1, 64.1, 56.4, 31.8, 31.3, 24.6, 24.5.
FTIR νmax (cm-1) 3319, 2938, 1674, 1596, 1568, 1529.
HRMS for [M]+ obtained 378.1724, req 378.1752.
Rf 0.43 (10% MeOH/CH2Cl2)
Synthesis of (3aR,7aR)-N-(3,5-bis(trifluoromethyl)phenyl)-2-oxooctahydro-1H-benzo[d]-
imidazole-1-carboxamide 136
1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 113 (1.2 mmol, 443
mg, 1 eq) was dissolved in DMSO (0.6 mL), and 20N NaOH (1 eq, 1 mmol, 48 mg, 60 µL)
added. This was cooled to 0 ºC, and CS2 (1 eq, 1 mmol, 91 mg, 76 µL) added dropwise to
give a red solution. The ice bath was removed, the reaction stirred for 10 mins to give a
yellow solution with a brown solid. The ice bath returned, 3-chloro-2-butanone (1 eq, 1.2
mmol, 128 mg, 121 µL) was added dropwise, and stirred at rt for 20h. Distilled H2O (1.2 mL)
was added, the reaction cooled to 0ºC and stirred for 15 minutes. The liquid was decanted,
the solid dissolved in EtOH (1.2 mL) and HCl (conc, 0.06 mL) added. This was heated
to 80ºC reflux with a water condenser for 1h. The volatile solvents were removed under
reduced pressure, and the crude material purified using silica column chromatography (50%
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EtOAc/hexane) to afford (3aR,7aR)-N-(3,5-bis(trifluoromethyl)phenyl)-2-oxooctahydro-1H-
benzo[d]imidazole-1-carboxamide (120 mg, 0.30 mmol, 25%) 136 as the major product.
1H NMR (CDCl3, 400 MHz, δ) 10.60 (s, 1H, N-H), 7.99 (s, 2H, H7), 7.54 (s, 1H, ,H8),
5.22 (s, 1H, N-H), 3.53 (td, 1H, J = 3.0, 11.1 Hz, H1), 3.23 (td, 1H, J = 3.0, 11.2 Hz, H2),
3.00 - 2.93 (m, 1H H6/6’), 2.10 - 2.03 (m, 1H, H3/3’), 1.96 - 1.85 (m, 2H, H3/3’/6/6’), 1.64 -
1.37 (m, 4H, H4,4’,5,5’).
13C NMR (CDCl3, 100 MHz, δ) 160.8, 151.9, 139.6, 132.6, 132.2, 123.2 (q, J = 276
Hz), 119.5 (m), 116.9, 63.9, 58.3, 30.1, 29.5, 24.3, 24.0.
CHN Calculated C 48.61, H 3.82, N 10.63. Obtained C 48.49, H 3.83, N 10.07.
FTIR νmax (cm-1) 3303, 1722, 1687, 1549, 1450.
Synthesis of 3-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)cyclohexyl)-4,5-di-
methylthiazol-3-ium chloride NHC-50-Cl
1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea 130 (3 mmol, 1.10
g, 1 eq) was dissolved in DMSO (1.5 mL), and 20N NaOH (1 eq, 1 mmol, 120 mg, 150
µL) added. This was cooled to 0 ºC, and CS2 (1 eq, 1 mmol, 228 mg, 180 µL) added
dropwise. The ice bath was removed, the reaction stirred for 1h. The ice bath was replaced,
3-chloro-2-butanone (1 eq, 3 mmol, 320 mg, 303 µL) was added dropwise, and the mixture
was stirred at ambient temperature for 20h. Distilled H2O (3 mL) was added, the reaction
cooled to 0ºC and stirred for 15 minutes. The liquid was decanted, the residue dissolved in
EtOH (3 mL) and HCl (conc, 0.15 mL) added. This was heated to 80ºC reflux with a water
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condenser for 1h. The material was passed through a silica column (100% EtOAc) to afford
(1R,2R)-NHC-50-Cl (60 mg, 0.12 mmol, 4%).
1H NMR (CDCl3, 400 MHz, δ) 10.22 (s, 1H, N-H), 9.51 (s, 1H, H9), 8.24 (s, 1H, H8),
7.84 (s, 2H, H7), 7.34 (s, 1H, N-H), 4.81 - 4.70 (m, 1HH1), 4.44 - 4.32 (m, 1H, H2), 2.71 (s,
3H, H10/11), 2.48 (s, 3H, H10/11), 2.25 - 2.17 (m 4H, H3/3’/6/6’), 1.96 - 1.84 (m, 2H, H4/4’/5/5’),
1.60 - 1.49 (m, 2H, H4/4’/5/5’).
13C NMR (CDCl3, 100 MHz, δ) 153.29, 141.43, 133.91, 131.96, 131.63, 124.82, 122.11,
118.03, 114.83, 67.79, 52.76, 41.12, 32.95, 24.96, 24.69, 12.74.
Synthesis of 3-methoxy-4-((4-(trifluoromethyl)phenyl)amino)- cyclobut-3-ene-1,2-dione
139
Dimethyl squarate (3.80 mmol, 540 mg, 1 eq.) and dry MeOH (12 mL) were stirred at
room temperature. 4-trifluoromethylaniline (3.80 mmol, 612 mg, 0.48 mL, 1 eq.) was
added via syringe, and stirred for 42h. The solid was filtered to afford 3-methoxy-4-((4-
(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione 139 (690 mg, 2.54 mmol, 67%) as
a yellow powder.
1H NMR (400 MHz, DMSO-d6, δ) 11.01 (s, 1H, N-H), 7.71 (d, 2H, J = 8.5 Hz, H3),
7.55 (d, 2H, J = 8.5 Hz, H2), 4.40 (s, 3H, H1).
13C NMR (100 MHz, DMSO-d6, δ) 187.6, 184.5, 179.6, 169.2, 141.6, 126.4 (q, JC-F =
3.8 Hz), 123.8 (q, JC-F = 22.2 Hz), 123.0, 119.4, 60.8. Data matches the literature [45].
HRMS for [M+H]+ Found 272.0507, required 272.0535.
FTIR νmax (cm-1) 3189, 3113, 1800, 1715, 1610, 1566, 1539, 1514. Data matches the
literature [198].
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Synthesis of tert-butyl-(trans-(±)-2-((3,4-dioxo-2-((4-(trifluoromethyl)phenyl)amino)- cyclobut-
1-en-1-yl)amino)cyclohexyl)carbamate (±)-140
3-methoxy-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione 139 (1 eq, 339 mg,
1.25 mmol) was added to a stirred solution of tert-butyl (trans-(±)-2-aminocyclohexyl)carba-
mate 119 (1.5 eq, 402 mg, 1.88 mmol) in dry CH2Cl2 (5 mL), and stirred at rt for 19h. The
volatile solvents were removed under reduced pressure, and impurities washed out of the
solid under vacuum using dry Et2O. This afforded the product (±)-140 as an off-white solid
(400 mg, 0.88 mmol, 71%).
1H NMR (DMSO-d6, 400 MHz, δ) 9.91 (br s, 1H, N-H), 7.67 (d, 3H, J = 8.6 Hz, H9,
coalesced with 1 x N-H), 7.60 (d, 2H, J = 8.6 Hz, H8), 6.81 (d, 1H, J = 13.3 Hz, N-H), 3.67
(br s, 1H, H1), 1.99 (d, 1H, J = 13.3 Hz, H2), 1.82 - 1.63 (m, 2H, H3/3’/6/6’), 1.47 - 1.14 (m,
6H, H3-6,3’-6’), 1.25 (s, 9H, H7).
13C NMR (DMSO-d6, 100 MHz, δ) 184.2, 180.0, 169.7, 162.6, 155.5, 142.8, 126.7,
124.6 (q, JC-F = 271.2 Hz), 122.2 (q, JC-F = 32.6 Hz), 117.7, 77.7, 58.8, 54.1, 32.9, 31.4,
28.0, 24.5, 24.3.
HRMS for [M+H]+ Obtained 454.1962, required 454.1954.
CHN Calculated C 58.27, H 5.78, N 9.27. Obtained C 58.20, H 5.79, N 9.28.
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Synthesis of 3-((trans-(±)-2-aminocyclohexyl)amino)-4-((4-(trifluoromethyl)phenyl)am-
ino)cyclobut-3-ene-1,2-dione (±)-141 via Boc-deprotection of (±)-140
HCl/dioxane (4M, 17 mL) was cooled to 0ºC under N2. tert-Butyl-(trans-(1±)-2-((3,4-dioxo-
2-((4-(trifluoromethyl)phenyl)amino)cyclobut-1-en-1-yl)amino)cyclohexyl)carbamate (±)-
140 (390 mg, 0.86 mmol) was added in one portion, the ice bath removed, and the mixture
stirred at room temperature for 2h. The volatile solvents were removed under reduced
pressure. The crude product was dissolved in a mixture of NaHCO3 and EtOAc. The
EtOAc layer was separated, dried (MgSO4), and the volatile solvents removed under reduced
pressure to afford the product (±)-141 (234 mg, 0.66 mmol, 77%).
1H NMR (CD3OD, 400 MHz, δ) 7.67 - 7.58 (m, 4H, H7,8), 3.78 - 3.68 (m, 1H, H1), 2.65
- 2.56 (m, 1H, H2), 2.13 - 1.99 (m, 2H, H3/3’/6/6’), 1.87 - 1.74 (m, 2H, H3/3’/6/6’), 1.50 - 1.24
(m, 4H, H4,4’,5,5’).
13C NMR (CD3OD, 100 MHz, δ) 182.1, 171.3, 165.1, 143.7, 127.6, 127,2, 125.9, 124.5,
119.4, 61.8, 56.4, 35.0, 34.6, 25.9, 25.8.
CHN Calculated C 57.59, H 5.13, N 11.89. Obtained C 57.28, H 5.35, N 10.40.
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Direct synthesis of 3-((trans-(±)-2-aminocyclohexyl)amino)-4-((4-(trifluoromethyl)- phe-
nyl)amino)cyclobut-3-ene-1,2-dione (±)-141
trans-(±)-Cyclohexane-1,2-diamine 139 (1 eq, 268 mg, 2.34 mmol) and dry CH2Cl2 (12 mL)
were added to a flask, and 3-methoxy-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-
1,2-dione (1 eq, 636 mg, 2.34 mmol) added. This was stirred at room temperature for 24h.
a solid precipitated out, which was then filtered under vacuum to obtain 3-((-trans-(±)-2-
aminocyclohexyl)amino)-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-ene-1,2-dione (±)-
141 (619 mg, 1.75 mmol, 75%).
Synthesis of 3-(((1R,2R)-2-amino-1,2-diphenylethyl)amino)-4-((4-(trifluoromethyl)- phe-
nyl)amino)cyclobut-3-ene-1,2-dione 145
(1R,2R)-Diphenylethane-1,2-diamine (532 mg, 2.50 mmol) was stirred in dry MeOH (35
mL) at room temperature, and 3-methoxy-4-((4-(trifluoromethyl)phenyl)amino)cyclobut-3-
ene-1,2-dione 139 (680 mg, 2.50 mmol) added. A precipitate formed, and the mixture stirred
at room temperature for 46h. The reaction was filtered to give the product (1R,2R)-145 as a
yellow powdery solid (774 mg, 69%, 1.71 mmol).
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1H NMR(DMSO-d6, 400 MHz, δ) 7.69 (2H, d, J = 8.5 Hz, H4), 7.61 (2H, d, J = 8.5 Hz,
H3), 7.53 - 7.15 (10H, m, Ar), 5.36 (1H, d, J = 4.4 Hz, H2), 4.44 (1H, d, J = 4.4 Hz, H1).
13C NMR(DMSO-d6, 100 MHz, δ) 184.3, 180.3, 169.5, 163.0, 142.8 (d, JC-F = 13.7
Hz), 140.4, 129.0, 128.5, 127.9, 127.4, 127.3, 127.1, 126.7, 126.6, 118.0 (d, JC-F = 10.1 Hz).
HRMS for [M+H]+ 242.1586, observed = 242.1463. Data matches the literature [199].
Rf 0.05 (10% MeOH/CH2Cl/textsubscript2)
8.2.3 Chapter 4: 1,4-Diamine-Derived Catalysts
Synthesis of dimethyl (±)-trans-cyclohexane-1,2-dicarboxylate 147
(±)-Trans-cyclohexane-1,2-dicarboxylic acid (±)-146 (5 mmol, 860 mg) and MeOH (10 mL)
were stirred under an N2 atmosphere. An opening vent was added, and SOCl2 (2 eq, 0.72
mL) added dropwise. This was stirred at room temperature for 8h. The volatile solvent was
evaporated under a stream of N2 to afford the product (±)-147 (1.00g, 5.00 mmol, 100%).
1H NMR (CDCl3, 400 MHz, δ) 3.67 (s, 6H, H4), 2.71 - 2.50 (m, 2H, H1), 2.14 - 1.98
(m, 2H, H2/2’), 1.86 - 1.72 (m, 2H, H2/2’), 1.46 - 1.20 (m, 4H, H3/3’).
13C NMR (CDCl3, 100 MHz, δ) 175.6, 52.1, 44.8, 29.0, 25.2
FTIR ν(cm-1) 2943 (CH), 1731 (C=O ester).
HRMS for [M+H]+ found 201.1103, required 201.1127. Data matches the literature
[200].
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Synthesis of ((±)-trans-cyclohexane-1,2-diyl)dimethanol 148 via LiAlH4 reduction
LiAlH4 in THF (1.0 M, 4.4 eq, 621 mg, 16.3 mmol, 16 mL) was added to an oven-dried
round-bottomed flask and stirrer under an N2 atmosphere. This was cooled to 0ºC, and a
solution of dimethyl (±)-trans-cyclohexane-1,2-dicarboxylate (±)-147 (1 eq, 745 mg, 3.72
mmol) in dry THF (3.7 mL) was added dropwise. Further THF (7.8 mL) was added, and
the reaction stirred at rt for 6h. H2O (2.60 mL) was added dropwise at 0ºC to quench the
excess hydride. The solid Al(OH)3 was filtered out, the product dried over MgSO4 and the
volatile solvents removed to afford the product (±)-148 as a colourless oil (179 mg, 0.89
mmol, 24%).
1H NMR (CDCl3, 400 MHz, δ) 3.66 - 3.58 (m, 2H, H4/4’), 3.57 - 3.50 (m, 2H, H4/4’),
3.12 (br s, 2H, O-H), 1.79 - 1.67 (m, 2H, H2/2’), 1.65 - 1.58 (m, 2H, H2/2’), 1.36 - 1.28 (m,
2H, H3/3’), 1.27 - 1.19 (m, 2H, H3/3’), 1.12 - 0.96 (m, 2H, H1).
13C NMR (CDCl3, 100 MHz, δ) 68.0, 44.8, 30.0, 26.2.
FTIR (νmax cm-1) 3273 (OH), 2900 (C-H). Data matches the literature [161].
Synthesis of ((±)-trans-cyclohexane-1,2-diyl)dimethanol 148 from the dicarboxylic acid
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BH3.Me2S, 2M in THF (2.1 eq, 32.1 mmol, 16.1 mL) was added via syringe to a 100 cm3
oven-dried round-bottomed flask and stirrer under N2. This was diluted with dry THF (7
mL). (±)-trans-Cyclohexane-1,2-dicarboxylic acid (±)-146 (1 eq, 15.3 mmol, 6.89 g) added
portionwise to the stirred complex at room temperature, with an exotherm and bubbling upon
addition. The mixture was heated to reflux (75ºC) for 18h. A clear gel formed. The volatile
solvent was removed under reduced pressure, and the crude residue quenched with dropwise
addition of H2O until effervesence stopped. The product was extracted with CH2Cl2 (x3),
the fractions combined, and the organic layer washed with sat. NaHCO3. The organic layer
was dried (MgSO4), filtered, and the volatile solvent removed under reduced pressure to
give the product (±)-148 (1.69 g, 11.7 mmol, 77%) as a colourless oil which solidified upon
standing. Data is as above.
Synthesis of ((±)-trans-cyclohexane-1,2-diyl)bis(methylene)- dimethanesulfonate 149
((±)-trans-Cyclohexane-1,2-diyl)dimethanol (±)-148 (1 eq, 352 mg, 2.48 mmol) was stirred
in dry CH2Cl2 (14 mL) and NEt3 (2.1 eq, 527 mg, 5.21 mmol, 0.72 mL) added. This was
stirred at -10ºC under N2, and MsCl (3.25 eq, 852 mg, 7.44 mmol, 576 µL) was added
dropwise. This was stirred for a further 15 min, the solution washed with H2O, 1M HCl,
sat. NaHCO3 and sat. NaCl. The layer was dried (MgSO4) and filtered. The crude residue
was passed through a silica plug, eluting using CH2Cl2. The volatile solvents were removed
under reduced pressure to afford the product (±)-149 as an oil, which solidified to colourless
crystals upon standing. (210 mg. 0.70 mmol, 28%).
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1H NMR (CDCl3, 400 MHz, δ) 4.31 (dd, 2H, J = 3.7 Hz, 10.3 Hz, H4/4’), 4.20 (dd, 2H,
J = 3.7 Hz, 10.3 Hz, H4/4’), 3.05 (s, 6H, CH3 (OMs)), 1.89 - 1.77 (m, 4H, H1/2/2’/3/3’), 1.76 -
1.69 (m, 2H, H1/2/2’/3/3’), 1.39 - 1.24 (m, 4H, H1/2/2’/3/3’).
13C NMR (CDCl3, 400 MHz, δ) 72.1, 38.7, 37.4, 29.4, 25.4. Data matches the literature
[201].
HRMS for [M+Na]+ found 323.0532, required 323.0594.
FTIR (νmax cm-1) 1337.
Synthesis of ((1R,2R)-cyclohexane-1,2-diyl)bis(methylene)- bis(4-methylbenzenesulfonate)
152
((1R,2R)-cyclohexane-1,2-diyl)dimethanol (1R,2R)-148 (11.7 mmol, 1.69 g) in dry pyridine
(5.6 mL) was added dropwise to a stirred mixture of TsCl (3 eq, 35.2 mmol, 6.71 g), DMAP
(0.15 eq, 215 mg, 1.76 mmol) and dry pyridine (7 mL) cooled to 0ºC under N2. This was
stirred at rt for 3h, and H2O (5.7 mL) added. This was stirred for a further 60 mins at rt.
The solid was collected under vacuum filtration, and washed with H2O/MeOH to obtain the
product (1R,2R)-152 as a white powder (2.55 g, 48%, 5.63 mmol).
1H NMR (CDCl3, 400 MHz, δ) 7.74 (d, 4H, J = 8.2 Hz, Ar (Ots)), 7.35 (d, 4H, J = 8.2
Hz, Ar (OTs)), 3.87 (m, 2H (H4/4’) 2.46 (s, 6H, CH3 (OTs)), 1.69 - 1.60 (m, 4H, H1/2/2’/3/3’),
1.57 - 1.52 (m, 2H, H1/2/2’/3/3’), 1.20 - 1.13 (m, 4H, H1/2/2’/3/3’).
13C NMR (CDCl3, 100 MHz, δ) 145.0, 132.9, 130.1, 128.1, 72.2, 38.0, 29.1, 25.4, 21.8.
HRMS for [M+Na]+ found 475.1219, required 475.1220.
FTIR (νmax cm-1) 2938, 2861, 1597, 1350.
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Synthesis of (1R,2R)-1,2-bis(azidomethyl)cyclohexane 150
((1R,2R)-cyclohexane-1,2-diyl)bis(methylene) bis(tosylate) (1R,2R)-152 (1 eq, 5.63 mmol,
2.55 g) was dissolved in DMF (30 mL). NaN3 was added, and the mixture heated to 55ºC
for 22h. This was left to cool and diluted with H2O (80 mL). The product was extracted
with Et2O (3x80 mL) and washed with further H2O (80 mL). The organic layer was dried
(MgSO4) and the volatile solvents removed under reduced pressure to give the product
(1R,2R)-150 as a slightly yellow oil (619 mg, 3.19 mmol, 57%).
1H NMR (CDCl3, 400 MHz, δ) 3.34 (overlapping q, 4H, J = 11.4, 12.0 Hz, H4/4’), 1.80 -
1.71 (m, 4H, H1/2/2’/3/3’), 1.50 - 1.42 (m, 2H, H1/2/2’/3/3’), 1.29 - 1.16 (m, 4H, H1/2/2’/3/3’).
13C NMR (CDCl3, 100 MHz, δ) 55.3, 39.9, 30.5, 25.7.
FTIR (cm-1) ν2926, 2856 (C-H), 2086 (N3), 1448 (CH2 deformation). Data matches the
literature [161].
Synthesis of ((1R,2R)-cyclohexane-1,2-diyl)dimethanamine 151
10% Pd/C (62 mg) was added to a 250 cm3 3-necked round-bottomed flask and put under
N2. Dry MeOH (25 mL) was added and a solution of ((1R,2R)-cyclohexane-1,2-diyl)diazide
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(1R,2R)-150 (1 eq, 619 mg, 3.19 mmol) in MeOH (5 mL) added. This was evacuated/filled
with N2 (x3), and evacuated/filled with H2 (x3). This was stirred at room temperature for
22h. The reaction was evacuated, filled with N2 and filtered through Celite under an N2
atmosphere. The volatile solvents were removed under reduced pressure to afford the product
(1R,2R)-151 (444 mg, 3.12 mmol, 99%).
1H NMR(CDCl3, 400 MHz, δ) 2.80 (dd, 2H, J = 2.6, 12.8 Hz, H4/4’), 2.58 (dd, 2H, J =
6.1, 12.8 Hz, H4/4’), 1.82 - 1.70 (m, 4H, H2/2’/3/3’), 1.47 (br s, 4H, N-H), 1.27 - 1.16 (m, 4H,
H2/2’/3/3’), 1.11 - 1.01 (m, 2H, H1).
13C NMR (CDCl3, 100 MHz, δ) 45.3, 42.4, 29.9, 26.1.
FTIR (cm-1) ν3285 (N-H stretch), 2914, 2849 (C-H stretch), 1602 (N-H scissoring),
1446 (CH2 deformation). Data matches the literature [161].
Synthesis of 1-(((1R,2R)-2-(aminomethyl)cyclohexyl)methyl)-3-phenylthiourea 153
((1R,2R)-cyclohexane-1,2-diyl)diamine (1R,2R)-151 (1 eq, 2,19 mmol, 299 mg) was stirred
in dry CH2Cl2 (21 mL) and put under N2. This was cooled to 0ºC, and a solution of phenyl
thiocyanate (0.67 eq, 1.40 mmol, 189 mg, 168 µL) in dry CH2Cl2 (4 mL) added dropwise
over 30 minutes using a dropping funnel. The mixture was stirred at rt for 24h. The volatile
solvents were removed under reduced pressure, and the product purified by silica column
chromatography (elution 10% MeOH/CH2Cl2, Rf = 0.1) to afford the product (1R,2R)-153
(303 mg, 78%, 1.09 mmol) as a white solid.
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13C NMR (CDCl3, 100 MHz, δ) 180.69, 132.46, 129.77, 126.24, 119.64, 97.57, 77.48,
77.16, 76.84, 73.86, 31.78, 31.63, 31.39, 31.07, 26.17, 25.99.
HRMS for [M+H]+ found 278.1760, req 278.1685.
FTIR (cm-1) ν3610, 3345, 2979, 2157, 1364.
Synthesis of 1-(((1R,2R)-2-(aminomethyl)cyclohexyl)methyl)-3-(3,5-bis(trifluoromethyl)-
phenyl)thiourea 154
((1R,2R)-cyclohexane-1,2-diyl)diamine (1R,2R)-151 (1 eq, 0.09 mmol, 13 mg) was stirred
in dry CH2Cl2 (1.2 mL) and put under N2. This was cooled to 0ºC, and a solution of
3,5-bis(trifluoromethyl)phenylisothiocyanate 109 (0.67 eq, 0.06 mmol, 11 mg, 7 µL) in dry
CH2Cl2 (0.2 mL) added dropwise over 30 minutes using a dropping funnel. The mixture
was stirred at rt for 24h. The volatile solvents were removed under reduced pressure, and the
product purified by silica column chromatography (elution 10% MeOH/CH2Cl2) to afford
the product (1R,2R)-154 (17 mg, 68%, 0.04 mmol).
1H NMR (CDCl3, 400 MHz, δ) 7.91 (s, 2H, H9), 7.63 (s, 1H, H10), 3.78-3.55 (m, 2H,
H7/7’), 2.90-2.75 (m, 2H, H8/8’), 1.95-1.51 (m 5H, H1-6/3’-6’), 1.47-1.07 (m, 5H, H1-6/3’-6’).
HRMS for [M+H]+ found 414.1479, required 414.1439.
Rf 0.10 (10% MeOH/CH2Cl2
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Synthesis of 1-phenyl-4-(((1R,2R)-2-((3-phenylthioureido)methyl)cyclohexyl)methyl)- 1H-
1,2,4-triazol-4-ium perchlorate (1R,2R)-NHC-60
The reaction to form the product was as above in Chapter 3 from starting material 153. After
turning the reaction off after 6h, the volatile solvents were removed and the mixture purified
(silica, 10% MeOH/CH2Cl2) to afford the product with trace impurities (18 mg, 0.04 mmol,
5% yield).
1H NMR (CDCl3, 400 MHz, δ) 10.60 (s, 1H, N-H), 8.93 (s, 1H, H9/10), 8.11 (s, 1H,
H9/10), 7.88 (dd, J = 7.6, 2.0 Hz, 2H, Ar), 7.63 – 7.51 (m, 3H, Ar), 7.37 (d, J = 4.4 Hz, 4H,
Ar), 7.22 (dd, J = 8.8, 4.6 Hz, 1H, Ar), 6.75 (s, 1H, N-H), 5.02 (dd, J = 13.9, 3.9 Hz, 1H,
H7/7’), 4.42 (dd, J = 13.9, 8.5 Hz, 1H, H7/7’), 4.04 – 3.92 (m, 1H, H8/8’), 3.68 – 3.54 (m, 1H,
H8/8’), 1.74 (m, 4H, H1-6/3’-6’), 1.32 – 1.16 (m, 4H, H1-6/3’-6’), 1.16 – 0.99 (m, 2H, H1-6/3’-6’).
HRMS for [M+H]+ found 406.2068, required = 406.2065.
Chiral resolution to obtain (1R,2R)-cyclohexane-1,2-dicarboxylic acid 146
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As per prepared by Dwivedi et al. [163]. (±)-Trans-cyclohexyl-1,2-dicarboxylic acid (1
eq, 50 mmol, 8.61 g), was stirred in EtOH (40 mL). This was heated to 75ºC, and (R)-α-
methylbenzylamine (1 eq, 50 mmol, 6.06 g, 6.36 mL) was added. This was cooled to 35ºC,
and stirred for 24h. A solid white precipitate, which was filtered and washed with EtOH.
A recrystallization from hot EtOH yielded white, shiny crystals of the chiral salt. This was
suspended in EtOAc (75 mL) and stirred with 1M HCl (75 mL) for 1h. The aqueous was
washed with NaCl, and extracted with more EtOAc. The organic was dried (MgSO4), filtered,
and the volatile solvents removed under reduced pressure to afford the product (2.64 g, 15.3
mmol, 61%).
1H NMR (DMSO-d6, 400 MHz, δ) 12.07 (br s, 2H, O-H), 2.40 - 2.29 (m, 2H, H1), 1.98
- 1.89 (m, 2H, H2/2’), 1.74 - 1.64 (m, 2H, H2/2’), 1.31 - 1.17 (m, 4H, H2/2’).
Data matches the literature [202].
8.2.4 Chapter 5: Phenylalanine-Derived Catalysts
Synthesis of tert-butyl-(S)-(1-oxo-3-phenyl-1-(phenylamino)propan-2-yl)carbamate 157
(L)-Boc-Phe-OH 156 (1.061 g, 4.0 mmol) was dissolved in dry CH2Cl2 (20 mL) under N2
and cooled to 0ºC. To the solution was added 1,3-dicyclohexylcarbodiimide (DCC) (1 eq,
825 mg, 4.0 mmol) in small portions followed by stirring in an at this temperature for 15
min. Aniline (1 eq, 364 µL, 4.0 mmol) was then added to the solution, and the reaction was
allowed to warm to room temperature and stir for 24h. The reaction was filtered, and the
filtrate was washed twice with H2O. The organic fractions were combined and dried (MgSO4.
The solution was filtered, and the filtrate was recovered and concentrated under vacuum.
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Hexane was added to encourage precipitation, and the precipitate to give the product 157
(854 mg, 2.51 mmol, 63%) as a white powder.
1H NMR (CDCl3, 400 MHz, δ) 7.75 - 7.64 (br s, 1H, N-H), 7.39 - 7.34 (m, 2H, Ar),
7.34 - 7.21 (m, 7H, Ar), 7.09 (t, 1H, J = 7.3 Hz, Ar), 5.14 (br s, 1H, H2), 4.45 (br s, 1H,
H1/1’), 3.15 (d, 2H, J = 6.9 Hz, H1/1’), 1.43 (s, 9H, CH3 (Boc)).
13C NMR (CDCl3, 100 MHz, δ) 169.8, 137.5, 136.8, 129.5, 129.0, 128.9, 127.2, 124.6,
120.2, 56.9, 38.6, 34.1, 28.4. Data matches the literature [203].
[M+H]+ Obtained 341.2076, calculated 341.1860.
CHN Obtained C 70.39, H 7.40, N 8.57. Calculated C 70.57, H 7.11, N 8.23.
Synthesis of (S)-2-amino-N,3-diphenylpropanamide 158
A solution of 4M HCl in dioxane (20 mL) in a round-bottomed flask was cooled to 0ºC.
Tert-butyl (S)-(1-oxo-3-phenyl-1-(phenylamino)propan-2-yl)carbamate 157 (1 eq, 567 mg,
1.66 mmol) was added in one portion, the ice bath removed, and the reaction stirred for 30
minutes until the reaction was complete by TLC. The HCl salt was extracted using H2O,
and the product basified with NaHCO3. The product was extracted using CH2Cl2, dried
(MgSO4), and the volatile solvents removed to give the product 158 (461 mg, 100%, 1.66
mmol).
1H NMR (CDCl3, 400 MHz, δ) 9.44 (s, 1H, N-H), 7.62 (d, 2 H, J = 7.5 Hz, Ar), 7.39 -
7.24 (m, 7H, Ar), 7.13 (t, 1 H, J = 7.5 Hz, Ar), 3.77 (dd, 1 H, J = 3.9 Hz, 9.5 Hz, H2), 3.41
(dd, 3 H, J = 3.9 Hz, 13.9 Hz, H1,1’), 2.82 (dd, 1 H, J = 9.5 Hz, 13.9 Hz, H1/1’).
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13C NMR (CDCl3, 100 MHz, δ) 172.5, 137,9, 137.8, 129.4, 129.1, 129.0, 127.1, 124.3,
119.6, 57.0, 40.9. Data matches the literature [168].
HRMS for [M+H]+ found 241.1381, calculated 241.1341.
Rf = 0.51 (10% MeOH/CH2Cl2)
Synthesis of (Z)-5-benzylidene-3-phenyl-2-thioxoimidazolidin-4-one 159
To a mixture of (S)-2-amino-N,3-diphenylpropanamide 158 (430 mg, 1.79 mmol) in DMSO
(0.90 mL) was added 20M NaOH (1 eq, 1.79 mmol, 90 µL). This was stirred, cooled to 0
C, CS2 (1 eq, 1.79 mmol, 108 µL) added dropwise and the solution stirred for 2 hours. The
mixture was cooled to 0ºC, and 3-chloro-2-butanone (1 eq, 191 mg, 1.79 mmol, 0.18 mL)
added dropwise. The ice bath was removed, and the reaction stirred for 24h. H2O, deonized
(1.80 mL) was added and the mixture stirred at 0ºC for 10 minutes until a solid formed. The
surrounding liquid was decanted, and the solid dissolved in abs. EtOH (1.80 mL). Conc HCl
(90 µL) was added, and the mixture refluxed at 75ºC for 1h. The mixture was placed in the
fridge overnight to encourage precipitation. The solid was filtered and purified using silica
column chromatography (elution 20% EtOAc/hexane) to give the product 159 (67 mg, 10%,
0.18 mmol).
1H NMR (CDCl3, 400 MHz, δ) 8.94 (br s, 1H, N-H), 7.67 - 7.30 (m, 10H, Ar), 6.84 (s,
1H, -CH=C-).
13C NMR (CDCl3, 100 MHz, δ) 172.4, 167.5, 130.1, 129.8, 129.5, 129.4, 129.2, 128.3,
113.8, 102.6, 92.4.
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HRMS for [M+H] Obtained 281.0694, required 281.0749. Data matches the literature
[204].
Synthesis of methyl L-phenylalaninate 161
(L)-Phenylalanine 160 (1 eq, 10 mmol, 1.69 g) was stirred in dry MeOH (20 mL), put under
an N2 atmosphere and cooled to -10ºC. SOCl2 (1.1 eq, 11 mmol, 1.31 g, 0.80 mL) was
added dropwise over 15 minutes. This was stirred at room temperature for a further 19h.
The volatile solvents were removed under reduced pressure. The material was dissolved in
EtOAc, washed with H2O, NaHCO3, and sat. NaCl. The organic later was dried (MgSO4),
filtered, and the volatile solvent removed under reduced pressure to afford the product 161
(995 mg, 5.55 mmol, 56%).
1H NMR (400 MHz, CDCl3, δ) 7.34 - 7.16 (m, 5H, Ar), 3.77 - 3.74 (m, 1H, H2), 3.71
(s, 3H, H3), 3.09 (dd, 1H, J = 5.0, 13.5 Hz, H1/1’), 2.86 (dd, 1H, J = 8.0, 13.5 Hz, H1/1’).
FTIR (cm-1) 3372 (N-H), 2951 (C-H), 1732 (C=O ester), 1603 (C=C arom).
HRMS for [M+H]+ found = 180.0813 required = 180.1019.
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Synthesis of (S)-4-(1-methoxy-1-oxo-3-phenylpropan-2-yl)-1-phenyl-1H-1,2,4-triazol- 4-
ium perchlorate NHC-64
3-phenyl-1,3,4-oxadiazol-3-ium perchlorate 132 (1.366 g, 5.55 mmol) was added to a round-
bottomed flask under N2. AcOH (3 mL) was added. methyl L-phenylalaninate 161 (995 mg,
5.55 mmol, 1 eq) was added, and the mixture heated to 110ºC for 2h. The precipitate was
collected to afford the product NHC-64 (42 mg, 2%, 0.11 mmol).
1H NMR (DMSO-d6, 400 MHz, δ) 11.07 (br s, 1H, H4/5), 9.56 (br s, 1H, H4/5), 7.92 -
7.88 (m, 2H, Ar), 7.75 - 7.63 (m, 3H, Ar), 7.37 - 7.23 (m, 5H, Ar), 5.89 (app t, 1H, J = 7.9
Hz, H2), 3.76 (s, 3H, H3), 3.65 (dd, 1H, J = 7.1, 14.0 Hz, H1/1’), 3.54 (dd, 1H, J = 8.6, 14.0
Hz, H1/1’)
13C NMR (DMSO-d6, 100 MHz, δ) 167.3, 145.0, 141.5, 134.7, 134.3, 130.9, 130.3,
129.1, 128.9, 127.6, 120.8, 61.6, 53.5, 37.3.
CHN calculated C 53.01, H 4.45, N 10.30. Calculated C 52.16, H 4.30, N 10.02.
HRMS for [M]+ found = 308.1305, required = 308.1394.
FTIR (cm-1) 3138 (sm), 1746 (strong) 1572 (m).
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Synthesis of (S)-2-azido-N,3-diphenylpropanamide 162
(S)-2-amino-N,3-diphenylpropanamide 158 (1 eq, 367 mg, 1.53 mmol) was stirred in MeOH
(7.5 mL) and cooled to 0ºC. The diazotransfer reagent (1.05 eq, 1.60 mmol, 434 mg) was
added, followed by CuSO4.5H2O (1 mol%, 4 mg) and K2CO3 (2.1 eq, 444 mg, 3.21 mmol).
This was allowed to warm to ambient temperature and stirred for 3h. The solution was
diluted with H2O (10 mL) and acidified to pH 2 with 1M HCl. The product was extracted
with EtOAc (x3), washed with NaHCO3, and dried (MgSO4). The volatile solvents were
removed under reduced pressure to afford the product 162 (280 mg, 1.05 mmol, 69%).
1H NMR (CDCl3, 400 MHz, δ) 7.92 (br s, 1H, N-H), 7.49 - 7.45 (m, 2H, Ar), 7.37 -
7.28 (m, 7H, Ar), 7.17 - 7.12 (m, 1H, Ar), 4.35 (dd, 1H, J = 4.2, 8.1 Hz, H2), 3.44 (dd, 1H,
J = 4.2, 14.1 Hz, H1/1’), 3.13 (dd, 1H, 1H, J = 8.1, 14.1 Hz, H1/1’).
13C NMR (CDCl3, 100 MHz, δ) 166.8, 136.9, 136.1, 129.7, 129.2, 129.0, 127.6, 125.2,
120.4, 66.1, 39.0.
Rf = 0.47 (10% MeOH/CH2Cl2)
HRMS for [M]+ found = 267.1101, required = 267.1235.
Material decomposed, so no other data was collected.
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8.2.5 Chapter 6: Piperidine-Derived Catalyst
Synthesis of (S)-5-(hydroxymethyl)pyrrolidin-2-one 164
As per Ender’s method [205]. L-pyroglutamic acid 163 (1 eq, 3.25 g, 25.2 mmol) was added
to an oven-dried 100 cm3 rbf, and dry MeOH (15 mL) added. This was cooled to -10ºC
under N2, and SOCl2 (1.5 eq, 4.49 g, 37.8 mmol, 2.75 mL) added slowly dropwise. This
was stirred at ambient temperature for a further 3 h, until all precipitate dissolved to give a
clear colourless solution. The volatile liquids were removed under reduced pressure to give
an oil. This was dissolved in abs. EtOH (15 mL) and cooled to 0ºC. NaBH4 (2.1 eq, 2.00 g,
53.0 mmol) was slurried in abs. EtOH (15 mL) and added portionwise by pipette, giving an
exotherm and effervescence. The mixture was left to warm to ambient temperature and stirred
for 18h. This was quenched with AcOH (3.5 mL) dropwise, stirring for 1h. The precipitate
was removed by passing through Celite® x3, and the crude product dry-loaded onto silica.
This was purified by column chromatography on silica gel (20% MeOH in EtOAc, Rf 0.27),
to give the product 164 (2.52 g, 87 %, 21.9 mmol) as an oil which solidified upon standing.
1H NMR (CD3OD, 400 MHz, δ) 5.51 (br s, 1H, N-H), 3.79 – 3.71 (m, 1H, H4/4’), 3.58
(dd, 1H, J = 4.4 Hz, 12.3 Hz, H4/4’), 3.49 (dd, 1H, J = 5.6 Hz, 11.3 Hz, H3), 2.44 – 1.85 (m,
4H, H1,1’,2,2’).
13C NMR (CD3OD, 100 MHz, δ) 181.2, 65.9, 57.7, 31.1, 23.9.
CHN theoretical C 52.16 H 7.88 N 12.17. Obtained C 51.70 H 7.95 N 11.84
FTIR (νmax cm-1) 3199 (OH stretch), 2921 (CH stretch), 1652 (C=O lactam stretch) All
data is in accordance with the literature [205].
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Synthesis of (S)-(5-oxopyrrolidin-2-yl)methyl- 4-methylbenzenesulfonate 165
L-pyroglutaminol 164 (1 eq, 2.52 g, 21.9 mmol) and TsCl (1.2 eq, 5.00 g, 26.3 mmol) and
CH2Cl2 (75 mL) were added to a flask and put under an N2 atmosphere. NEt3 (1.6 eq,
3.56 g, 35.2 mmol, 4.90 mL) was added, followed by DMAP (0.1 eq, 267 mg, 2.19 mmol).
This was stirred at ambient temperature for 72h. The mixture was diluted with CH2Cl2
(53 mL), poured into water (120 mL) and acidified with conc. HCl (1.52 mL). The layers
were separated, and the aqueous layer washed with CH2Cl2 (2 x 35 mL). The organics
were dried (MgSO4). The crude product was dry-loaded onto silica, and purified by column
chromatography on silica gel (5% MeOH in EtOAc, Rf 0.35), to give the product 165 (4.43
g, 75%, 16.4 mmol) as a white powder.
1H NMR (CDCl3, 400 MHz, δ) 7.89 (d, 2H, J = 8.2 Hz, H5), 7.37 (d, 2H, J = 8.2 Hz,
H6), 5.79 (br s, 1H, NH), 4.06 (dd, 1H, J = 3.5, 9.7 Hz, H4/4’), 3.97 – 3.89 (m, 1H, H4/4’),
3.86 (dd, 1H, J = 7.5, 9.7 Hz, H3), 2.46 (s, 3H, H7), 2.35 – 2.28 (m, 2H, H1/1’), 2.27 – 2.16
(m, 1H, H2/2’), 1.81 – 1.71 (m, 1H, H2/2’).
13C NMR (CDCl3, 100 MHz, δ) 177.5, 145.6, 132.5, 130.2, 128.1, 72.2, 52.7, 29.2, 22.9,
21.9.
CHN theoretical C 53.52 H 5.61 N 5.20. Obtained C 53.42 H 5.58 N 5.19
FTIR (νmax cm-1) 3921 (NH stretch) 1653 (C=O lactam stretch).
HRMS for [M+Na]+ Found = 292.0614, required = 292.0620.
All data is in accordance with the literature [206].
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Synthesis of tert-butyl-(S)-2-oxo-5-((tosyloxy)methyl)pyrrolidine-1-carboxylate 166
The tosylated material 165 (1 eq, 4.43 g, 16.4 mmol) was dissolved in CH2Cl2 (85 mL) and
DMAP (1.2 eq, 2.41 g, 19.7 mmol) added. Boc2O (2 eq, 7.17 g, 32.9 mmol) and NEt3 (1.6
eq, 2.69 g, 26.5 mmol, 3.7 mL) were added simultaneously. The mixture was left to stir at
ambient temperature for 24h, and the solution turned from colourless through yellow to dark
brown. H2O (3.0 mL) was added with vigorous stirring. The mixture was diluted with CHCl3
(80 mL) and washed sequentially with 0.5 M HCl (3x70 mL), sat. NaHCO3 (1x70 mL) and
brine (1x70 mL). The two layers were combined, dried (MgSO4) and the volatile solvents
removed under reduced pressure. The crude product was purified by column chromatography
on silica gel (1% MeOH in CHCl3) to give the product 166 (5.63 g, 15.2 mmol, 80%) as a
yellow powder.
1H NMR (CDCl3, 400 MHz, δ) 7.76 (d, 2H, J = 8.2 Hz, H6), 7.35 (d, 2H, J = 8.2 Hz,
H7), 4.33 – 4.28 ( m, 1H, H3), 4.24 (dd, 1H, J = 4.4 Hz, 10.2 Hz, H4/4’), 4.17 (dd, 1H, J =
2.7 Hz, 10.2 Hz, H4/4’), 2.67 – 2.56 (m, 1H, H1/1’/2/2’), 2.44 (s, 3H, H8), 2.39 (ddd, 1H, J
= 2.6 Hz, 10.1 Hz, 18.0 Hz, H1/1’/2/2’), 2.22 – 2.10 (m, 1H, H1/1’/2/2’), 2.03 – 1.95 (m, 1H,
H1/1’/2/2’), 1.44 (s, 9H, H5).
13C NMR (CDCl3, 100 MHz, δ) 173.7, 149.6, 145.4, 132.5, 130.2, 128.0, 83.7, 69.8,
56.1, 31.6, 28.0, 21.8, 20.6.
HRMS for [M+Na]+ obtained = 392.1138, required = 392.1144.
NMR data is in accordance with the literature [207].
FTIR (νmax cm-1) 2980 (C-H), 1776 (C=O). Data is in accordance with the literature
[208].
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Synthesis of tert-butyl-(S)-2-(azidomethyl)-5-oxopyrrolidine-1-carboxylate 167
Boc-protected product 166 (1 eq, 5.51 g, 14.9 mmol) was dissolved in DMF (120 mL), put
under an N2 environment, and stirred until the solid dissolved. NaN3 (1 eq, 969 mg, 14.9
mmol) was added, and the mixture heated to 55 ºC for 22h. The mixture was left to cool
to ambient temperature, diluted with H2O (120 mL) and extracted with Et2O (3x100 mL).
The organic layers were combined and washed with H2O (2x120 mL). The ether was dried
(MgSO4) and the volatile solvent removed under reduced pressure to give the product 167
(2.05 g, 8.53 mmol, 57%) as a yellow oil.
1H NMR (CDCl3, 400 MHz, δ) 4.29 – 4.23 (m, 1H, N-H), 3.67 (dd, 1H, J = 5.7 Hz, 12.3
Hz, H4/4’), 3.54 (dd, 1H, J = 2.9 Hz, 12.3 Hz, H4/4’), 3.54 (dd, 1H, J = 2.9 Hz, 12.3 Hz, H3),
2.75 – 2.63 (m, 1H, H1/1’/2/2’), 2.44 (ddd, 1H, J = 2.7 Hz, 10.0 Hz, 17.8 Hz, H1/1’/2/2’), 2.22 –
2.07 (m, 1H, H1/1’/2/2’), 1.96 – 1.88 (m, 1H), H1/1’/2/2’, 1.55 (s, 9H, H5).
13C NMR (CDCl3, 100 MHz, δ) 173.9, 150.0, 83.7, 56.7, 53.8, 31.5, 28.2, 21.4. NMR
data is in accordance with the literature [209].
HRMS for [M+Na]+ Obtained 263.1116, calculated 263.1120.
Rf = 0.75 (10% MeOH/CH2Cl2)
Synthesis of tert-butyl-(S)-2-(aminomethyl)-5-oxopyrrolidine-1-carboxylate 168
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10% Pd/C (800 mg) was added to a 3-necked round bottomed flask, under N2, and dry MeOH
(50 mL) was added. To this was added a solution of the Boc-protected material 167 (1 eq,
3.17 g, 13.2 mmol) in dry MeOH (5 mL). This was stirred, the flask evacuated and purged
with N2 x3, and purged with H2 (x3). This was stirred for 48h, and H2 replaced periodically.
Once complete by TLC, the mixture was purged under N2, filtered through Celite® under N2
and the volatile solvents were removed under reduced pressure. This was purified by column
chromatography on silica gel (10% MeOH in CH2Cl2) to give the product 168 (772 mg, 3.60
mmol, 42%) as a yellow solid. The product was taken through crude to the next step.
Synthesis of tert-butyl-(S)-(6-oxopiperidin-3-yl)carbamate 169
The primary amine 168 (2.60 mmol, 558 mg) was dissolved in dry MeOH (10 mL) and
heated to 65 ºC for 24h. The volatile solvent was removed under reduced pressure to afford
the rearranged product 169 as a slightly yellow crystalline solid (555 mg, 100%, 2.60 mmol).
1H NMR (CDCl3, 400 MHz, δ) 5.89 (br s, 1H, N-H), 4.69 (br d, 1H, J = 6.6 Hz, N-H),
3.97 (br s, 1H, H3), 3.56 (app. br d, 1H, J = 12.2 Hz, H4/4’), 3.16 (dd, 1H, J = 6.9 Hz, 12.2
Hz, H4/4’), 2.46 (t, 2H, J = 6.9 Hz, H1,1’), 2.06 – 1.97 (m, 1HH2/2’), 1.91 – 1.81 (m, 1H,
H2/2’), 1.45 (s, 9H, H5).
13C NMR (CDCl3, 100 MHz, δ) 171.2, 155.2, 77.4, 47.2, 44.4, 28.7, 28.5, 26.7.
HRMS for [M+H]+ Obtained 215.1396, required 215.1396.
FTIR (νmax cm-1) 3322, 2966, 1724, 1634. Data matches the literature [209].
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Synthesis of (S)-5-aminopiperidin-2-one hydrochloride 170
The Boc-protected δ-lactam 169 (1 eq, 406 mg, 1.89 mmol) was dissolved in 1,4-dioxane
(2.50 mL) and 4M HCl in 1,4-dioxane (5.0 mL) added. This was stirred for 1h at ambient
temperature, and a solid precipitated out. The solvent was removed under reduced pressure
to afford the hydrochloride salt 170 (286 mg, 1.89 mmol, 100%) as a lightly pink solid.
1H NMR (D2O, 400 MHz, δ) 3.83 – 3.71 (m, 1H, H3), 2.65 (dd, 1H, J = 4.6 Hz, 13.0
Hz, H4/4’), 3.39 (dd, 1H, J = 7.0 Hz, 13.0 Hz, H4/4’), 2.53 – 2.47 (m, 2H, H1,1’), 2.28 – 2.19
(m, 1H, H2/2’), 2.07 – 1.97 (m, 1H, H2/2’).
13C NMR (D2O, 100 MHz, δ) 173.9, 44.1, 43.3, 26.8, 23.4.
FTIR 3040 (m), 2834 (m), 2597 (s), 1697 (l).
Data matches the literature [210].
Synthesis of 1H-imidazole-1-sulfonyl azide.H2SO4 174.H2SO4
NaN3 (1 eq, 10.0 mmol, 650 mg) was suspended in CH3CN (5 mL) and cooled to 0ºC under
N2. Sulfuryl chloride (1 eq, 10.0 mmol, 0.81 mL) was added dropwise, the ice bath removed
and the mixture stirred at ambient temperature for 21h. Imidazole (1.9 eq, 19.0 mmol, 1.29
g) was added portionwise over 10 minutes at 0ºC, with the solution turning dark orange. The
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reaction was stirred at 0ºC for 3h. The mixture was diluted with EtOAc (20 mL) washed
with H2O (20 mL x2) and basified with NaHCO3 (sat., 20 mL x2). The organic layer was
dried (MgSO4). H2SO4 (1 eq, 10.0 mmol, 981 mg, 0.53 mL) was added dropwise at 0ºC,
and the mixture stirred at ambient temperature for 16 h. The white solid was filtered to give
diazotransfer reagent 174.H2SO4 (795 mg, 2.93 mmol, 29%). All sodium azide waste was
safely quenched before disposal.
1H NMR (DMSO-d6, 400 MHz, δ) 8.59 (s, 1H, NH+), 7.97 (s, 1H, HSO4-), 7.33 (s, 1H,
CH), 6.77 (br s, 2H, CH + H2O).
13C NMR (DMSO-d6, 100 MHz, δ) 137.7, 130.8, 118.9.
FTIR (νmax cm-1) 2175 (N3 stretch), 1301 (asymm. S=O stretch), 1126 (symm. S=O
stretch).
Data matches the literature [173].
Synthesis of (S)-5-azidopiperidin-2-one 171
The hydrochloride salt 170 (1 eq, 286 mg, 1.89 mmol) was dissolved in MeOH (8.2 mL),
and K2CO3 (2.8 eq, 731 mg, 5.30 mmol) and CuSO4.5H2O (1 mol%, 5 mg) added. This was
put under N2 and 174.H2SO4 (1.2 eq, 615 mg, 2.26 mmol) added at ambient temperature.
This was stirred for 5h. H2O (15 mL) was added, and the mixture acidified to pH 3 using 1M
HCl. The aqueous layer was extracted (EtOAc x3), the organics washed with brine and dried
(MgSO4). The volatile solvents were removed under reduced pressure. The crude material
was purified by column chromatography on silica gel (2% MeOH in EtOAc) to give the azide
171 (65 mg, 24%, 0.46 mmol) as white needles.
230 Experimental
1H NMR (CDCl3, 400 MHz, δ) 7.00 (br s, 1H, N-H), 3.94 – 3.87 (m, 1H, H3), 3.48 (app
dq, 1H, J = 1.9 Hz, 12.5 Hz, H4/4’), 3.28 (app ddq, 1H, J = 1.1 Hz, 5.7 Hz, 12.6 Hz, H4/4’),
2.53 (ddd, 1H, J = 6.8 Hz, 7.8 Hz, 18.1 Hz, H1/1’), 2.38 (app dt, J = 6.5 Hz, 18.1 Hz, H1/1’),
2.10 – 1.92 (m, 2H H2/2’).
13C NMR (CDCl3, 100 MHz, δ) 171.3, 54.0, 45.7, 27.9, 25.6.
FTIR (νmax cm-1) 3176 (NH stretch) 2945 (CH stretch) 2091 (N3 stretch), 1656 (C=O
stretch).
Rf = 0.23 (2% MeOH/EtOAc)
Synthesis of (S)-6-azido-2-phenyl-5,6,7,8-tetrahydro-2H-[1,2,4]triazolo[4,3-a]pyridin- 4-
ium tetrafluoroborate NHC-68
Azide 171 (1 eq, 69 mg, 0.46 mmol) was dissolved in dry CH2Cl2 (0.5 mL) and added
dropwise to a suspension of Me3OBF4 (1 eq, 68 mg, 0.46 mmol) in CH2Cl2 (2 mL). After
stirring for 19h, phenylhydrazine (1.1 eq, 55 mg, 0.51 mmol, 50 µL) was added and stirred
for 30h. The solvent was removed under reduced pressure, and the material dissolved in
MeOH to transfer to a pressure vial. The material was concentrated under a stream of N2 to
roughly 0.3 mL, and HC(OMe)3 (0.9 mL) added. This was sealed under air and heated to
80 ºC for 18h. The volatile solvents were removed under reduced pressure and the material
purified by column chromatography on silica gel (6-10% MeOH in CH2Cl2) to give the
product NHC-68 (69 mg, 0.21 mmol, 46%).
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1H NMR (CD3CN, 400 MHz, δ) 9.69 (s, 1H, H5), 7.80 – 7.75 (m, 2H, H6), 7.70 – 7.64
(m, 3H, H7,8), 4.58 – 4.53 (m, 1H, H3), 4.47 – 4.37 (m, 2H, H4/4’), 3.21 – 3.15 (m, 2H,
H1/1’), 2.39 – 2.30 (m, 1H, H2/2’), 2.25 – 2.18 (m, 1H, H2/2’).
13C NMR (CD3CN, 100 MHz, δ) 153.7, 140.9, 136.1, 132.0, 131.3, 122.0, 53.5, 50.1,
23.7, 17.9.
HRMS for [M+] Required 241.1202, obtained 241.1206.
FTIR (νmax cm-1) 2113 (N3), 1583 (C=C).
Rf 0.39 (10% MeOH/CH2Cl2).
Synthesis of (S)-6-amino-2-phenyl-5,6,7,8-tetrahydro-2H-[1,2,4]triazolo[4,3-a]pyridin-
4-ium tetrafluoroborate NHC-69
Pd/C (10 mg) was added to a 3-necked round bottomed flask and suspended in MeOH (3.5
mL). This was put under N2, and a solution of the azide-protected triazolium NHC-68 (1
eq, 69 mg, 0.21 mmol) in MeOH (1.5 mL) added. The flask was purged with 1 atm H2 and
stirred for 2.5h. The Pd/C was filtered off through Celite® under a stream of N2 and the
volatile solvents removed under reduced pressure to give the product NHC-69 (56 mg, 0.19
mmol, 89%) as a yellow solid.
1H NMR (CD3CN, 400 MHz, δ) 9.67 (s, 1H, H5), 7.80 – 7.75 (m, 2H, H6), 7.69 – 7.62
(m, 3H, H7,8), 4.33 (dd, 1H, J = 3.9 Hz, 13.0 Hz, H3), 4.07 (dd, 1H, J = 5.3 Hz, 13.0 Hz,
H4/4’), 3.67 – 3.60 (m, 1H, H4/4’), 3.29 – 3.19 (m, 1H, H1/1’), 3.07 (dt, 1H, J = 6.2 Hz, 18.0
Hz, H1/1’), 2.12 – 2.06 (m, 1H, H2/2’, obscured by H2O), 2.05 – 1.97 (m, 1H, H2/2’).
232 Experimental
13C NMR (CD3CN, 100 MHz, δ) 154.5, 140.7, 136.2, 131.9, 131.3, 122.0, 52.6, 44.3,
26.8, 18.6.
HRMS for [M+] Calculated 215.1297, obtained 215.1303.
Rf 0.02 (10% MeOH/CH2Cl2).
Synthesis of (S)-2-phenyl-6-(3-phenylthioureido)-5,6,7,8-tetrahydro-2H-[1,2,4]triazolo-
[4,3-a]pyridin-4-ium tetrafluoroborate NHC-71
(S)-6-amino-2-phenyl-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyridin-2-ium NHC-69 (1 eq,
45 mg, 0.15 mmol) was suspended in dry CH2Cl2 (3 mL) 3,5-bis(trifluoromethyl)phenyl
isothiocyanate (1 eq, 41 mg, 0.15 mmol, 28 µL) was added at room temperature. This was
stirred for 18h. The mixture was concentrated to 0.5 mL, and passed through a silica plug
eluting with 10% MeOH/CH2Cl2 to afford the pure product NHC-71 (14 mg, 16%, 0.02
mmol).
1H NMR (CD3CN, 400 MHz, δ) 9.69 (s, 1H, H7), 8.60 (br s, 1H, N-H), 8.13 (s, 2H, H5),
7.81 - 7.75 (m, 3H, H6,8), 7.71 - 7.62 (m, 3H, H9,10), 7.19 (d, 1H, J = 6.8 Hz, N-H), 5.12
- 5.03 (m, 1H, H3), 4.72 (dd, 1H, J = 4.9, 13.2 Hz, H4/4’), 4.39 (dd, 1H, J = 6.7, 13.2 Hz,
H4/4’), 3.26 (app t, 2H, J = 6.9 Hz, H1,1’), 2.37 - 2.30 (m, 2H, H2/2’).
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13C NMR (CD3CN, 100 MHz, δ) 182.9, 154.0, 141.8, 140.8, 136.1, 132.4, 132.1, 131.4,
131.3, 125.0, 122.0, 49.3, 47.9, 24.0, 19.5.
HRMS for [M+] Obtained 486.1198, calculated 486.1182.
FTIR (νmax cm-1) 3364, 2172, 1584, 1542, 1474.
Rf = 0.15 (MeOH/CH2Cl2).
Synthesis of (S)-5-(azidomethyl)pyrrolidin-2-one 177
The Boc-azide 167 (1.43 g, 5.96 mmol) was dissolved in 1,4-dioxane (10 mL) and 4M
HCl/dioxane (6 mL) added. This was stirred for 18h at rt and full conversion measured by
TLC. The volatile solvents were removed, and the product dissolved in CH2Cl2 (50 mL) and
washed with sat. NaHCO3 until basic (the amine is H2O soluble so the smallest quantity
was used). The product was extracted with CH2Cl2, dried (MgSO4) and the volatile solvents
removed under reduced pressure to give (S)-5-(azidomethyl)pyrrolidin-2-one 177 (750 mg,
90%, 5.33 mmol) as a yellow oil. Data matches the literature [78].
1H NMR (CDCl3, 400 MHz, δ) 6.32 (br s, 1H, N-H) 3.85 – 3.77 (m, 1H, H3), 3.47 (dd,
1H, J = 4.3, 12.2 Hz, H4/4’), 3.30 (dd, 1H, J = 7.3, 12.2 Hz, H4/4’), 2.42 - 2.33 (m, 2H, H1/1’),
2.32 – 2.23 (m, 1H, H2/2’), 1.88 – 1.77 (m, 1H, H2/2’).
13C NMR (CDCl3, 100 MHz, δ) 178.1, 56.3, 53.5, 29.7, 24.2.
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Synthesis of (S)-5-(azidomethyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-
2-ium tetrafluoroborate NHC-72
(S)-5-(azidomethyl)pyrrolidin-2-one 177 (1 eq, 750 mg, 5.33 mmol) was dissolved in dry
CH2Cl2 (4 mL) and added dropwise to a suspension of Me3OBF4 (1 eq, 789 mg, 5.33 mmol)
in CH2Cl2 (25 mL). After stirring for 6h, phenylhydrazine (1.1 eq, 634 mg, 5.87 mmol, 0.58
mL) was added and stirred for 18h (darkens to brown). The solvent was removed under
reduced pressure, the crude product dissolved in HC(OMe)3 (10.5 mL) and MeOH (2.5
mL) and added to a sealed tube under air and heated to 80 ºC for 24h. The volatile solvent
was removed under reduced pressure and dissolved in chloroform, and a precipitate formed
which was filtered and collected. The mixture was added to Et2O and further precipitate was
isolated. All of the precipitate was combined and dried under high vacuum to obtain (S)-5-
(azidomethyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium tetrafluoroborate
NHC-72 (368 mg, 1.17 mmol, 22%). Data matches the literature [78].
1H NMR (CD3CN, 400 MHz, δ) 9.80 (s, 1H, H5), 7.83 – 7.78 (m, 2H, H6), 7.70 – 7.64
(m, 3H, H7,8), 4.90 – 4.83 (m 1H, H3), 4.03 (dd, 1H, J = 3.8, 13.2 Hz, H4/4’), 3.72 (dd, 1H, J
= 8.5, 13.2 Hz, H4/4’), 3.28 – 3.19 (m, 2H, H1,1’), 3.02 – 2.91 (m, 1H, H2/2’), 2.58 – 2.50 (m,
1H, H2/2’).
13C NMR (CD3CN, 100 MHz, δ) 163.8, 138.1, 136.6, 131.9, 131.2, 122.2, 61.0, 53.2,
31.0, 22.2. Matches lit.
[M]+ Calculated 241.1202, Obtained 241.1201.
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FTIR ν(cm-1) 3123, 2111, 1583, 1518, 1445, 1390, 1288, 1223, 1030.
Synthesis of (S)-5-(aminomethyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-
2-ium tetrafluoroborate NHC-73
In a modification of Waser and coworkers’ procedure, Pd/C (15 mg) was added to a 3-necked
round bottomed flask and suspended in MeOH (7 mL). This was put under N2, and (S)-5-
(azidomethyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium (1 eq, 140 mg,
0.43 mmol) in MeOH (3 mL) was added. The flask was purged with 1 atm H2 and stirred for
2.5h. The Pd/C was filtered off through Celite under a stream of N2 and the volatile solvents
were removed under reduced pressure to give (S)-5-(aminomethyl)-2-phenyl-6,7-dihydro-
5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium tetrafluoroborate NHC-73 (64 mg, 0.21 mmol, 49%)
as a yellow oil. Data matches the literature [78].
1H NMR (CD3CN, 400 MHz, δ) 9.87 (s, 1H, H5), 7.83 – 7.78 (m, 2H, H6), 7.68 – 7.62
(m, 3H, H7,8), 4.72 – 4.64 (m, 1H, H3), 3.25 – 3.10 (m, 4H, H1,1’,4,4’), 2.93 – 2.84 (m, 1H,
H2/2’), 2.55 – 2.45 (m, 1H, H2/2’).
13C NMR (CD3CN, 100 MHz, δ) 162.8, 137.2, 135.8, 130.8, 130.2, 121.2, 63.3, 44.0,
30.1, 21.4.
[M]+ Calculated 215.1297, obtained 215.1321.
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Synthesis of Waser and coworkers catalyst (S)-5-((3-(3,5-bis(trifluoromethyl)phenyl)
thioureido)methyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium tetraflu-
oroborate NHC-74 [78]
(S)-5-(aminomethyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium NHC-73
(1 eq, 64 mg, 0.21 mmol) was dissolved in dry CH2Cl2 (3.5 mL) and to this was added the
isothiocyanate 109 (1 eq, 58 mg, 0.21 mmol, 39 µL). This was stirred at rt for 24h. The volatile
solvents were removed under reduced pressure. The material was dissolved in Et2O and a pre-
cipitate formed. This was filtered to afford (S)-5-((3-(3,5-bis(trifluoromethyl)phenyl)thioureid-
o)methyl)-2-phenyl-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-ium tetrafluoroborate NHC-
74 as a pure product (60 mg, 0.11 mmol, 50%). Data matches the literature [78].
1H NMR (CD3CN, 400 MHz, δ) 9.79 (s, 1H, H7), 8.76 (s, 1H, N-H), 8.11 (s, 2H, H5),
7.80 - 7.73 (m, 3H, H6,8), 7.68 - 7.62 (m, 3H, H9,10), 7.30 (t, 1H, NH, J = 5.5 Hz), 5.15 (sept,
1H, J = 4.1 Hz, H3), 4.22 - 4.15 (m, 1H, H4/4’), 4.12 - 4.04 (m, 1H, H4/4’), 3.37 - 3.22 (m,
2H, H1,1’), 3.06 - 2.94 (m, 1H, H2/2’), 2.70 - 2.60 (m, 1H, H2/2’).
13C NMR (CD3CN, 100 MHz, δ) 184.1, 164.0, 141.7, 138.3, 136.6, 132.3, 132.0, 131.3,
125.4 (m), 123.5 (q, J = 271 Hz), 122.2, 119.5 (m), 61.3, 47.1, 31.4, 22.1.
[M]+ Obtained 486.1152, calculated 486.1182.
CHN Obtained C 44.42, H 3.32, N 11.93. Required C 44.00, H 3.17, N 12.22.
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